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Abstract 
Solid Oxide Fuel Cells (SOFCs) are high temperature solid-state electrochemical devices that 
convert fuel into electricity and heat with high efficiency. Many fuels suitable for SOFCs derive 
from hydrocarbon sources, such as natural gas or biogas; however, these contain significant 
impurities, most notably compounds containing sulphur, which can poison the nickel 
electrocatalyst in the anode of the fuel cell. Sulphur removal is usually carried out but it is 
complicated and expensive to achieve levels below 1 part per million (ppm). 
An enhanced scientific understanding of chemical interactions on the surface of SOFC electrodes 
is critical to the development of robust nickel-based anodes, but the mechanisms and effects of 
sulphur poisoning are not fully understood. The scope of this thesis is to advance the field of 
sulphur-poisoning research by studying the effect of current density on the sulphur-induced 
degradation, and focuses on intermediate-temperature (IT) conditions with nickel-gadolinia 
doped ceria (Ni-CGO), which is the most promising anode material for IT-SOFCs, operating 
between 600–800 °C. 
The work of this thesis is aimed at (i) investigating the kinetics of sulphur poisoning, and the 
effect of current density, by use of a specially built three-electrode electrochemical test rig; (ii) 
analysis of structural modifications to the anode microstructure as a result of exposure to fuel 
cell conditions and (iii) development and prototype testing of a miniature SOFC test rig with 
optical access for in situ Raman spectroscopy. 
Fuel cell operation at higher current density was found to partially mitigate the sulphur 
poisoning of up to 3 ppm H2S in H2 fuel, while microstructural analysis found that the presence 
of as little as 0.5 ppm H2S accelerated restructuring of nickel grain surfaces. Finally, preliminary 
proof-of-concept results were obtained for the in situ Raman rig, and suggestions for a future 
design are discussed. 
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Chapter 1 Introduction 
1.1.  Context and research question 
1.1.1. Background and motivation for research 
Major global concerns in recent years over energy security and fossil fuel supply have greatly 
accelerated research into alternative power generation technologies. Conventional power 
plants, internal combustion engines and generators are limited in efficiency by the Carnot cycle, 
and demand for fuel continues to rise with the emergence of developing economies such as the 
BRIC countries. Meanwhile the supply of fuel struggles to keep pace, and research 
commissioned by Shell in 2008 suggests that demand for oil may outstrip supply as early as 
2015 [1]. Although incremental improvements in efficiency of conventional technologies are 
being made, there is a growing interest in alternative technologies that can potentially bring 
about a step-change in efficiency.  
One such technology, which bypasses the inefficient mechanical steps involved in conventional 
power generation, is the fuel cell, which exploits the chemical energy in a fuel by direct 
conversion to electric current. 
Fuel cells are an attractive alternative electricity generating technology, providing several 
advantages over current heat-engine generators by being both more efficient and quieter, with 
modular generation capacity meaning applications can range in power rating from mW to MW. 
In the current era of concern over energy security and carbon-emissions, fuel cells are being 
considered for their potential role in a hydrogen economy, for distributed generation of 
combined heat and power, as well as their high power density and grid-independence making 
them attractive for military applications. 
1.1.2. Introduction to fuel cells 
Fuel cells generate electricity by the electrochemical oxidation of a fuel. A fuel cell in its simplest 
form consists of an oxidant, usually oxygen in air, and a fuel, usually a hydrogen-rich gas. These 
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are separated by an ion-conducting and otherwise impermeable electrolyte. This produces a 
chemical potential difference across the cell, which can be exploited by connecting the two sides 
of the electrolyte to an external electrical circuit. When the circuit is closed, electrons on the fuel 
side (the anode), produced by the oxidation of the fuel, flow through the circuit to the oxidant 
side (the cathode) and react with the oxidant (reduction reaction). As this is a reduction 
reaction being coupled with an oxidation reaction, the overall process is called a redox process. 
E.g. for a cell operating on hydrogen/oxygen, the reactions involved are as follows: 
Anode reaction  H2(g) → 2H+ + 2e−  (1.1)  
Cathode reaction  ½ O2(g) + 2e− → O2− (1.2) 
Overall reaction H2(g) + ½ O2(g) → H2O(g) (1.3)  
The anode and cathode require catalyst materials in order to provide a kinetically feasible 
reaction pathway. The catalysts are usually transition metals such as platinum or nickel, or they 
could be mixed oxides such as La1-xSrxMnO3-δ [2]. The choice of electrocatalyst is of great 
importance for optimising the performance of the cell, and depends on the particular type of 
fuel cell. 
There are several different types of fuel cell, being categorized according to the type of 
electrolyte used. These are summarized in Table 1.1 below. The type of electrolyte also dictates 
what the mobile ion species is, and the temperature of operation. Modern fuel cell research is 
mainly focussed on polymer electrolyte fuel cells (PEFCs) and solid oxide fuel cells (SOFCs), 
both of which have their own advantages and disadvantages. 
Table 1.1 – Types of fuel cell and their operating temperature ranges 
Type Electrolyte 
Mobile 
Ion 
Operating 
Temperature (°C) 
Solid Oxide (SOFC) Ceramic O2- 500–1000 
Molten Carbonate 
(MCFC) 
Alkali Metal 
Carbonate 
CO32- ~ 650 
Phosphoric Acid 
(PAFC) 
Phosphoric Acid H+ ~ 220 
Alkaline (AFC) KOH OH- 50–200 
Proton Exchange Membrane 
(PEFC) 
Polymer H+ 80–120 
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The higher operating temperature of SOFCs gives them some benefits over PEFCs, enabling use 
of cheaper catalyst materials such as those based on nickel, rather than platinum; generation of 
high grade waste heat which can be used in combined cycle to achieve very high efficiencies 
(70% electrical efficiency with gas turbines, or up to 90% combined electrical and thermal 
efficiency in combined heat and power (CHP)); and the possibility of operation on several 
different fossil and renewable fuels. The reaction conditions in the anode chamber are similar to 
those required for the well-documented hydrocarbon steam-reforming reactions [3]. This 
enables thermal integration with a steam reforming unit, or direct utilization of low molecular 
weight hydrocarbons like methane. 
In principle, the fuel flexibility of SOFCs gives them the advantage over PEFCs of being able to 
integrate directly with existing fuel-supply infrastructure (e.g. natural gas networks), providing 
a shortcut to widespread distribution without the need for a hydrogen supply, which is 
considered further behind in development, and thus bridging the gap towards the “hydrogen 
economy”. However, several problems need to be overcome before this is possible. Optimising 
stack and cell design, interconnects, and system integration, are all areas of ongoing 
development, and major areas of research interest are the effects and mechanisms of carbon 
deposition and sulphur (and other impurity) poisoning. This is reviewed in detail in Chapter 2. 
1.1.3. Principles of SOFCs 
SOFCs make use of the high ionic conductivity of certain doped metal oxide ceramic materials, 
such as yttria stabilised zirconia (YSZ), which has a conductivity in the range of 0.03–0.15 S cm-1 
at temperatures of 750–1000 °C, or gadolinium-doped ceria (CGO) which has a similar (slightly 
lower) ionic conductivity at 500–750 °C. These temperature ranges are referred to as High 
Temperature (HT-SOFC) and Intermediate Temperature (IT-SOFC) respectively [4]. At these 
temperatures, defects in the crystal structure allow oxide ions to move from one lattice site to a 
vacant site, which forms the basic mechanism of solid state ionic conduction. These materials 
are used as electrolytes in SOFCs, so that the mobile ion species is O2- which moves from 
cathode to anode. Figure 1.1 illustrates the basic processes occurring in a single SOFC. The cell 
operates continuously as long as there is a constant supply of fuel and air, and as such is an open 
system – this is where fuel cells differ from batteries which are closed systems.  
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Figure 1.1 – Basic operating principle of an SOFC. 
 
SOFC electrodes require an interface of gas phase species with both ionic and electronic 
conductors. This interface is known as the triple phase boundary (TPB), which will be discussed 
further in the next chapter. Further requirements of electrodes include high chemical stability, 
high catalytic activity, and thermal expansion coefficients that match closely that of the 
electrolyte.  
The cathode is usually made of perovskite-type manganites (Ln, A)MnO3-δ (Ln = La–Yb or Y; A = 
Ca, Sr, Ba, Pb) or mixed ionic-electronic conducting ferrites such as La0.6Sr0.4Co0.2Fe0.8O3−x (LSCF) 
[5]. La1-xSrxMnO3-δ (LSM) is commonly used as the state-of-the-art cathode material suitable for 
operation between 750–1000 °C, in a porous composite with up to 50 vol% YSZ, while LSCF is 
suitable for lower temperature operation and is commonly used in IT-SOFCs. 
Materials selection for the anode requires consideration of the stability in a highly reducing 
environment at elevated temperatures, and gas transport of products (steam and CO2) away 
from the TPB as well as fuel to the active region. The most common anode materials are based 
on nickel in ceramic/metal composites (cermets) with electrolytes such as YSZ or CGO. Anode 
materials and design are reviewed in Chapter 2. 
In order to increase the maximum power and voltage of an SOFC system, multiple cells are 
connected in series to form a stack, analogous to the cells in a battery. This requires an 
O2 
O2- H2 
½ O2 + 2e- → O2- H2 +O2-→ H2O + 2e- 
H2O 
e- 
Cathode Electrolyte Anode 
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interconnect material, which in planar stack designs is referred to as the bipolar plate. HT-SOFC 
stacks require expensive ceramic or nickel-alloy materials, while IT-SOFC stacks are able to 
make use of cheaper ferritic stainless steel interconnects [6]. 
SOFC stacks come in many different designs, with planar or tubular cells, as well as a variety of 
mechanical support structures for the cells. The cell itself is a layered structure, and in order to 
minimise the cell resistance it is desirable to minimise the thickness especially of the electrolyte, 
whilst keeping sufficient mechanical strength for durability. Different support and cell designs 
are illustrated in Figure 1.2. The support layer is typically 100–200 μm thick, while the other 
layers are of the order of tens of microns each. 
 
Figure 1.2 – Diagram depicting different SOFC geometries: (a) planar electrolyte supported, (b) 
planar anode supported, (c) planar porous metal or porous ceramic supported, (d) tubular 
electrolyte supported, and (e) tubular anode supported [7]. 
 
1.1.4. Commercial development 
Significant commercial development is ongoing for SOFC products for a range of applications 
from small scale 1–100 W portable power sources such as being developed by eZelleron, to MW 
scale power stations for distributed generation, e.g. Rolls Royce Fuel Cell Systems. A list of major 
developers and their target applications is summarised in Table 1.2, illustrating the range of 
power outputs and applications to which SOFCs are suited.  
Table 1.2 – Examples of leading commercial SOFC developers 
Company Location Application Technical notes 
eZelleron GMBH Germany 
Portable power 
supply, 1–100 W 
Microtubular Anode-
supported design 
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Ceres Power UK Domestic CHP, 1 kW 
Metal-supported planar IT-
SOFC 
Hexis Switzerland Domestic CHP Electrolyte-supported planar 
Rolls Royce UK 
Industrial CHP/gas 
turbine hybrid, 1 MW 
Novel integrated-planar stack 
design 
Staxera Germany 
Supply integrated 
stack modules, mainly 
for domestic CHP, 1-2 
kW 
Electrolyte supported, planar 
CFCL Australia 
Residential microCHP, 
1-2 kW 
Anode supported and 
electrolyte supported, planar 
Bloom Energy USA 
100 kW modules for 
industrial power 
supply 
Electrolyte supported, planar 
Topsoe Fuel Cells Denmark 
Domestic CHP, APU, 
distributed generation 
Anode supported, planar 
Versa Power Canada 
Domestic and 
distributed generation 
Anode supported, planar 
Siemens Germany/USA 
Industrial CHP Gas 
Turbine Hybrid 
Tubular design 
 
1.2.  Research question 
SOFCs have some significant problems associated with their operation which are of scientific 
interest. Target durability of 40,000 hours with less than 1% degradation in power output has 
yet to be achieved and requires very clean fuel and careful power management. For many 
applications, including domestic CHP, off-grid power and operation on biogas, impurities in the 
fuel will be unavoidable, and the presence of sulphur compounds in particular is known to 
poison the catalytic activity of Ni cermets. It is desirable to lower the operating temperature of 
SOFCs, to reduce stack costs, but as temperature is lowered the effect of very low levels of 
sulphur is magnified. Much of the previous research on sulphur poisoning of SOFC anodes has 
focussed on Ni-YSZ anodes at 800 – 1000 °C, whilst there is increasing interest in the 
intermediate temperature range and alternative materials such as Ni-CGO cermet anodes. As 
yet, the effect of current density on sulphur poisoning behaviour is not well understood, 
especially in the intermediate temperature range and with Ni-CGO anodes. 
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The operating temperature also contributes to degradation of the Ni-based anodes through 
coarsening and agglomeration of the Ni microstructure. This has been known to occur over 
many hundreds of hours’ operation, but it is difficult to investigate such long term effects unless 
an accelerated testing method is developed. There is also scope to investigate microstructural 
changes caused by exposure to sulphur-containing fuel.  
Measurement of anode degradation under operating conditions is currently limited by practical 
constraints. Three-electrode electrochemical measurements are difficult to achieve without 
significant errors due to the non-ideal reference electrode geometry necessary for a solid 
electrolyte. 
Recent work has shown that Raman spectroscopy has potential to be a useful technique for 
surface chemical characterisation of SOFC materials. Heated test stages exist that can enable 
observation of materials in a controlled atmosphere at elevated temperatures. However, a fuel 
cell requires separate fuel and air environments and electrical connections, and it would be 
desirable to have the facility to perform Raman spectroscopy in situ on an operating fuel cell. 
1.3.  Scope and aims of the thesis  
The primary aim of the work presented in this thesis is to investigate the mechanism and effects 
of sulphur poisoning of Ni-based SOFC anodes in the intermediate temperature range of 600–
750 °C. This will build on previous work in this area by using a three-electrode experimental 
setup to study the effect of current density on the electrochemical behaviour in sulphur-
containing fuel. Specific materials of particular interest are Ni-CGO cermet anodes, which are 
applicable to the intermediate temperature range, and have not been studied as extensively as 
Ni-YSZ. 
In addition to electrochemical investigations, the anode microstructure will be examined for 
evidence of sulphur-induced degradation, and the mechanism of the microstructural 
degradation will be investigated. 
Finally, in order to combine chemical and electrochemical characterisation of electrode 
processes, an SOFC test rig incorporating an optical window will be developed. This will enable 
Raman and other optical spectroscopic techniques to be carried out in conjunction with 
electrochemical operation. 
1.4.  Outline of the thesis 
The next chapter presents an overview of the current literature most relevant to sulphur 
poisoning of Ni-based SOFC anodes, with reference to previous literature on Ni catalyst 
poisoning in the context of fixed-bed process catalysis.  
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Chapter 3 then gives an explanation of fundamental fuel cell electrochemistry, followed by a 
detailed explanation of the experimental techniques used in this study for electrochemical 
measurements, microstructural analysis and also an introduction to Raman spectroscopy. 
The next two chapters present the results of the main experimental work that was carried out. 
Chapter 4 focuses on the electrochemical study with results from the initial cell characterisation 
followed by the investigation into the effect of current density. Chapter 5 consists of the results 
of the investigations into the impact on microstructure of sulphur-induced degradation. 
Chapter 6 presents the design and proof of concept results of the in situ Raman test rig, with 
suggestions for improvements to the current design and experiments that could be of most 
research interest. 
Finally, the concluding chapter gives a summary of the results of the other chapters, drawing 
together the findings of the experimental work with the new capability of the in situ rig. 
Potential areas of future work are suggested. 
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Chapter 2 Literature review  
2.1.  Introduction to Chapter 2 
This chapter presents a review of the relevant literature, with some background on SOFC anode 
materials and suitable fuels, followed by a review of nickel-sulphur chemistry and the current 
understanding of sulphur-poisoning of nickel-based anodes. A brief review of measurement 
techniques is also included. 
2.2.  Sulphur contaminants in fuels 
One of the main advantages of SOFCs over other types of fuel cell is their fuel flexibility. The high 
temperature of operation and high grade heat generated by the exothermic electrochemical 
reaction enables efficient thermal integration with a steam reforming process, which converts 
hydrocarbons into syngas (a mixture of H2, CO and CO2). Steam reforming is an established 
industrial process practised on a large scale, and commonly uses similar catalysts to SOFC 
anode electrocatalysts. The main reactions involved in this process are the reforming reaction 
(Eq. 2.1) and the water gas shift reaction (Eq. 2.2).  
CH4 + H2O ⇌ CO + 3H2 (ΔHѳ = 206.2 kJ mol-1)  (2.1) 
CO + H2O ⇌ CO2 + H2 (ΔHѳ = 41.1 kJ mol-1)  (2.2) 
In a working SOFC system the steam reforming step may take place in a separate stage before 
the fuel enters the fuel cell, but in many cases hydrocarbon fuel may be directly used and 
reforming takes place within the fuel cell stack. This is known as internal reforming and is 
commonly used for methane and other low molecular weight hydrocarbons where carbon 
deposition via the Boudouard reaction (Eq. 2.3) can be minimised.  
2CO ⇌ CO2 + C (ΔHѳ = 86.2 kJ mol-1)  (2.3) 
SOFCs are therefore capable of operating on a variety of fuels, including hydrocarbons such as 
natural gas, gasoline, Diesel, gasified coal and biogas, and as such they overcome one of the main 
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barriers to market, namely the need for a distribution infrastructure for pure hydrogen. 
However, nearly all such fuels contain sulphur compounds at levels which, even after refining to 
international fuel pollution standards, are capable of poisoning nickel based anode catalysts to a 
significant extent. The sulphur content in gasoline is currently regulated to a maximum 10 mg 
kg-1 [8], while the lowest-sulphur grade S15 Diesel [9] may contain up to 15 ppm S. Other Diesel 
grades for off-road use may contain as much as 5000 ppm S. Many gaseous fuels have sulphides 
and mercaptans added as an odorant for leak-detection purposes, most notably natural gas 
(NG). The precise sulphur content varies according to the source and supplier, but a typical 
range for pipeline NG is between 3–15 ppm [10]. The range of sulphur compounds commonly 
found in fuels are summarised in Table 2.1. 
Table 2.1 – Sulphur containing compounds found in fuels.[2] 
Compound Structurea Fuels containing the impurity  
Hydrogen sulphide H2S 
Natural Gas (NG); Liquefied Natural 
Gas (LNG); Liquefied Petroleum Gas 
(LPG) 
Carbonyl sulphide COS NG; LPG 
Mercaptans R-SH Associated NG; small quantities in 
LNG and LPG; Gasoline; Diesel; 
Straight-run Naptha (SRN) 
Sulphides R-S-R’ 
Disulphides R-S-S-R’ 
Tetrahydrothiophene 
(THT)    
Added as a commercial odorant to 
some brands of NG, LNG and LPG 
Thiophenes 
 
Gasoline; SRN 
Benzothiophenes 
 
Gasoline; Diesel 
Dibenzothiophenes 
 
Gasoline; Diesel 
aR/R’ is an alkyl or phenyl substituent. 
Sulphur-removing pretreatment methods are usually employed in SOFC systems, either using 
hydrodesulphurization (HDS) or sulphur sorption. However, desulphurization to levels below 1 
ppm, while achievable, adds undesirable extra cost and complexity to the system. Fuel cell 
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performance can be affected even at this level over long-term operation, and desulphurizer 
failure can lead to breakthrough of higher levels for short periods. 
The problem can be simplified however, since the desulphurization process will convert most of 
the sulphur compounds in the fuel to H2S, and so it is reasonable to use H2S as the source of 
sulphur in laboratory experiments [11]. Furthermore, this study will not consider the presence 
of carbon in the fuel. There have been studies into the interaction of hydrocarbons and sulphur 
compounds on SOFC anodes and hydrocarbon reforming catalysts. There is notably some 
evidence to suggest that a small amount of sulphur can block the build-up of carbon [12]. 
However, the inclusion of carbon together with sulphur complicates the range of possible 
reactions to such an extent that it would be impossible to deconvolute the mechanisms 
occurring. Therefore this study will focus on hydrogen fuel with various levels of H2S. 
2.3.  Anode materials 
2.3.1. Principles of anodes 
The anode of a fuel cell is the reaction chamber for oxidation of the fuel and incorporates 
several functions, including gas diffusion, heterogeneous catalysis, electronic conduction and 
ionic conduction. An additional current collector layer is often used on top of the anode to 
ensure good current distribution. An SOFC anode must satisfy certain criteria in order to 
maximise the performance of the cell. Fundamentally, it must be capable of catalysing the 
oxidation of the fuel, transporting oxide ions from the electrolyte to the surface, and conducting 
electrons to the current collectors. This means anodes typically consist of three phases: an O2- 
ion conducting phase, an electron-conducting (metallic) phase and a pore phase for transport of 
reactant and product gases. The points where all three phases are in contact together is known 
as the Triple Phase Boundary (TPB), which is illustrated in Figure 2.1. In order to minimise the 
electrode polarization resistance, and hence optimise the performance of the cell, it is important 
to optimise the effective TPB length. It is possible to use a material that can conduct both 
electrons and ions, a so-called mixed ionic-electronic conductor (MIEC), to extend the TPB into a 
second dimension [13]. Other ways to improve the TPB have so far been found mostly by 
empirical variation of particle size, size distribution, proportion of electron-conductor to ion-
conductor, sintering conditions, use of pore-forming beads, etc. It is also important to consider 
the percolation of the phases from the boundaries so that there is a continuous pathway for 
each species involved to reach the reaction site. For a detailed review of anode design 
optimisation, the reader is referred to Atkinson et al.[14]. 
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Figure 2.1 – Reaction pathway in an SOFC cermet anode (left) and close up of a triple phase 
boundary (right) [15]. 
 
The most common anode material currently in use for SOFCs is a ceramic-metal composite, or 
cermet, of nickel and yttria-stabilised zirconia (Ni-YSZ). This combination makes use of the 
electrical conductivity and high catalytic activity of Ni, while the YSZ extends the O2- conduction 
zone from the electrolyte, which is usually a dense layer of YSZ, into the porous anode, as well as 
giving the anode a similar thermal expansion coefficient to the electrolyte. The effect of the ratio 
of Ni:YSZ on conductivity has been investigated (e.g. Dees et al. [16]), and the important factors 
have been reviewed by Zhu and Deevi [17], Sun and Stimming [13], and more recently Tsipis 
and Kharton [5].  
It has been found that, at 1000 °C, for a cermet composition below 30 vol. % Ni, the cermet 
shows predominantly ionic conduction [16]. A threefold increase in conductivity was observed 
when the nickel content was increased above 30 vol. %, corresponding to a change to electronic 
conduction as the percolation of the nickel phase reaches a critical value [16]. This percolation 
threshold is also dependent on many other factors. It has been observed that a higher sintering 
temperature gives greater conductivity for a given cermet, which may be due to decreased 
porosity and more agglomeration of nickel particles [17]. Larger Ni particle size has been found 
to increase the required Ni content for electronic conductivity. This is consistent with findings 
that the larger the particle size ratio between YSZ and Ni (dYSZ/dNi) the better the electronic 
conductivity of the cermet [17]. Additionally, a broader particle size distribution of YSZ particles 
gives enhanced electrical conductivity, due to better packing, though this must also be balanced 
with mechanical shrinkage which can cause cracking and rapid degradation of the cell. 
H2 
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It is important for the anode to be sufficiently porous to enable mass transport both of the gas 
phase fuel to the TPB and of exhaust compounds away from the active area. This can be a 
limiting factor at high current densities where oxidation of fuel occurs at a higher rate than 
transport of steam or other product gases away from the TPB, resulting in fuel depletion. The 
porosity can be controlled by a number of methods, for example by including pore-forming 
beads in the precursor slurry which will burn away in the sintering process [18-20]. 
Additionally, the pore space expands when the NiO is reduced to Ni due to the volume shrinkage 
that occurs, and this must be taken into account during manufacturing. Reported values for the 
optimum porosity vary widely from as low as 5 vol.% up to more than 30 vol.% [17]. Indeed, 
many state-of-the-art anode microstructures incorporate a graduated or layered porosity 
design with a finer microstructure near to the electrolyte/anode interface to increase the TPB 
density where the active region mostly lies, and a coarser structure further away from the 
electrolyte to enhance electrical conductivity and (in the case of anode-supported cells) to add 
structural stability [21-23]. 
As well as requiring the maximum possible conductivity in the anode, the thermal expansion 
coefficient of the anode must match as closely as possible that of the electrolyte and other 
components in the cell in order to avoid strain during startup/shutdown. In Ni-YSZ cermets, this 
is achieved by controlling the proportion of YSZ in the cermet. Typical average thermal 
expansion coefficients (TECs) lie in the range 10.5 – 10.9 × 10-6 K-1 for YSZ (depending on 
dopant concentration) and 12.6 – 13.3 × 10-6 K-1 for Ni-YSZ, depending on Ni content [5]. 
2.3.2. Alternative materials 
While nickel-based cermets are the most popular anode material due to the low cost and high 
catalytic activity of nickel, as well as their ease of fabrication, several problems arise when fuel 
mixtures other than pure hydrogen are employed. Apart from carbon deposition already 
mentioned elsewhere, Ni is particularly susceptible to sulphur poisoning due to physisorption 
(molecular adsorption), chemisorption (dissociative adsorption of atomic sulphur on Ni 
surface), and bulk sulphidation under certain conditions. These degradation mechanisms will be 
discussed at length in subsequent sections of this chapter. Other low-level impurities such as 
phosphorous, halogens, ammonia, silicon and boron can also contribute to the degradation of 
nickel-based anodes [24]. 
In the quest to develop an anode material that is more robust to chemical species other than 
hydrogen, various alternatives have been investigated, and these have been reviewed recently 
by Gong et al. [25]. An improvement in sulphur tolerance has been observed by using scandia 
stabilized zirconia (SSZ) instead of YSZ as the electrolyte component [26], which is attributed to 
the higher ionic conductivity of SSZ giving a higher exchange current density, which will 
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accelerate the electrochemical oxidation of adsorbed sulphur.  Many mixed-conducting 
perovskite materials have been tested and found to display varying levels of sulphur tolerance, 
notably those based on lanthanum-strontium chromate (LSC), titanate (LST) and vanadate 
(LSV) [25]. However, as yet the durability and electrical conductivity of these relatively new 
materials are not high enough to compete with the well-established Ni-based cermets. Certain 
fluorite-structure materials, most notably doped ceria (e.g. Ce0.9Gd0.1O2-δ (CGO-10)) have been 
known for some time to show mixed conductivity, and Ni-CGO cermet anodes have been found 
to be somewhat resistant to carbon deposition [27,28] and to some extent sulphur poisoning 
[29]. More recently, Zhang et al. [30] have demonstrated superior performance of Ni-CGO 
anodes compared to Ni-YSZ anodes in up to 700 ppm H2S. The mixed conductivity of CGO may 
improve sulphur tolerance by extending the electrochemically active region beyond the TPB, 
which means more of the surface adsorption sites are available for H oxidation [5]. The 
chemistry of CGO is discussed in detail in section 2.4. It can be used as the only ceramic 
component in the anode, although this may result in thermal expansion mismatch and increased 
phase boundary resistance if YSZ is used as the electrolyte. Other ways of incorporating it in the 
anode include as a functional layer, or as nanoparticles infiltrated into the pore space of a Ni-
YSZ cermet [31]. 
There is some evidence that doping of Ni with other metals may improve sulphur tolerance. 
Jiang et al. [32] has demonstrated improved stability and decreased polarisation resistance of 
Ni-CGO cermet anodes by impregnation with Pd nanoparticles. Bimetallic catalysts are also 
known to provide synergistic improvements in performance compared to the pure metals. 
Grgicak et al. [33] prepared SOFC anode materials composed of Ni(1-x)Cox-YSZ and Ni(1-x)Cux-YSZ 
in order to investigate their tolerance of carbon and H2S in H2 and methane fuels. The presence 
of cobalt has been found to minimise carbon formation by kinetically favouring the CO oxidation 
reaction [34,35]. An anode with composition Ni0.69Co0.31-YSZ was found to have superior activity 
in up to 10 vol.% H2S/CH4 fuel. This behaviour has been shown by Grgicak et al. to be due to the 
formation of a sulphidated Ni–Co–S alloy which is catalytically active under operating 
conditions [33,36,37]. 
Despite the amount of academic interest in alternative materials, current industrial SOFC 
development remains focussed on Ni-YSZ and Ni-CGO based anodes. Therefore this thesis will 
concentrate on Ni-YSZ and Ni-CGO anode materials, with a focus on understanding the 
interaction of S with Ni. 
2.4.  Nickel-sulphur chemistry 
2.4.1. Thermodynamics 
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Fortunately, due to the extensive use of nickel and similar metal catalysts in established 
industrial processes, and the presence of sulphur impurities in most fuels, there is already a 
wealth of research from the last half-century on nickel-sulphur chemistry, mainly in the context 
of steam reforming, CO hydrogenation, benzene hydrogenation, and other fuel treatment 
processes. This provides a useful background for understanding the sulphur poisoning 
interactions taking place in nickel based SOFC anodes, as the operating conditions are broadly 
similar. The comprehensive reviews by Bartholomew et al. [38,39] give a detailed insight into 
this area. The important aspects of nickel-sulphur interactions of most relevance to SOFC 
anodes are summarized here, along with a discussion of how this can be applied to the 
development of sulphur tolerant SOFCs.  
 
Figure 2.2 – Equilibrium partial pressure of H2S vs. reciprocal temperature. (open symbols: θS = 
0.5–0.6; closed symbols θS = 0.8–0.9). Reproduced from Bartholomew et al. [38]. 
 
There is a large body of experimental evidence suggesting that the nickel-sulphur bond strength 
is significantly higher for sulphur adsorbed on the Ni surface than for bulk nickel sulphide. This 
is illustrated in Figure 2.2, which shows the equilibrium partial pressure of H2S versus 
reciprocal temperature, showing the conditions for formation of different forms of adsorbed 
sulphur. Dashed lines represent equilibrium for chemisorbed sulphur with –ΔHads of 85, 125 and 
165 kJ mol-1, and the solid line corresponds to the formation of bulk Ni3S2 at –ΔHf = 75 kJ mol-1. 
These are calculated using the equation RTln(pH2S/pH2) = ΔH – TΔS, with ΔH calculated based 
on 1 mol H2S. The results show that up to 90% surface coverage may occur at 1000 K at H2S 
concentration as low as 10 ppm, and >50% coverage occurs at 1000 K with below 1 ppm H2S. 
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They also illustrate that the concentration of sulphur that can be tolerated increases as 
temperature increases.  
 
Figure 2.3 – Chemisorption of sulphur on nickel surface, observed by scanning tunnelling 
microscopy (STM) (Besenbacher et al. [40,41]) 
 
Hydrogen sulphide chemisorbs dissociatively on Ni, and forms a stable two-dimensional 
“crystalline” surface structure. This can be observed directly by scanning tunnelling microscopy 
(STM) as in Figure 2.3 based on the work of Besenbacher et al. [40-42]. This ordered structure 
is in contrast to the classical description of adsorption which assumes a random distribution of 
sulphur atoms on a perfectly smooth Ni surface. A result of this is that the assumptions for 
correlating the adsorption behaviour to a Langmuir-like isotherm are invalid for this system. 
However, the data do correlate to a Temkin-like isotherm, as shown by Alstrup et al. [43] in 
equation 2.4. This implies that the entropy of adsorption is independent of θS, which is in 
accordance with the chemisorbed layer behaving like a “2-dimensional” sulphide [42]. 
         
              
      (2.4) 
Hansen has used data from literature and original experiments to fit the constants ΔH0° = –280 
kJ mol-1, ΔS° = –19 kJ mol-1, and a = 0.69, which results in equation 2.5 [44]. 
               
                 
    
   
  (2.5) 
Saturation coverage of sulphur on Ni (1 0 0) and (1 1 1) crystal plane surfaces occurs at S/Ni = 
0.5, i.e. one atom of sulphur for every two surface nickel atoms. This is higher for more open 
faces, S/Ni = 0.74 for (1 1 0) and 1.09 for (2 1 0), so that a consistent saturation coverage by 
surface area of between 42–47 ng cm-2 of sulphur was found for a range of crystal surfaces [45]. 
Research into the surface energy of adsorbed sulphur has shown that temporary restructuring 
of more open faces to a distorted (1 0 0) face is thermodynamically favourable, and permanent 
“faceting” has been observed on longer-term exposure of high index faces [46]. Bartholomew et 
al. [38] suggested that at high temperatures (i.e. those relevant to SOFC operation) and near-
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saturation coverages of sulphur, reorientation of different Ni facets to the more stable Ni (1 0 0) 
is probably a general phenomenon. 
Lohsoontorn et al. recently published thermodynamic predictions of the effects of H2S on nickel 
and ceria under various SOFC operating conditions, and analysed the effect of fuel composition 
on the bulk products that can form [47]. The phase diagrams in Figure 2.4 illustrate some of 
their results. In agreement with previous thermodynamic studies, it was found that bulk nickel 
sulphides are not expected under normal operating conditions at H2S levels below about 100 
ppm at 873 K, and that formation of Ni3S2 is more favourable at lower temperatures. However, 
the study also showed that as the local composition changes due to fuel consumption, and as H2 
is consumed to produce H2O, the sulphidation reaction becomes more favourable for the stack 
output composition than the input.  
 
Figure 2.4 – Phase equilibria of the Ni-O-S and Ce-O-S systems at 873 K. The shaded area shows 
the phases over an H2S range of 1-1000 ppm in humidified hydrogen with 90% fuel 
consumption (97% H2, 3% H2O to 10% H2, 90% H2O). The dotted line in the shaded area shows 
an H2S concentration of 140 ppm for the Ni-O-S phase diagram and 100 ppm for the Ce-O-S 
diagram [47]. 
 
The research of Sasaki et al. [24] brings together thermochemical calculations with 
electrochemical results to propose several mechanisms of sulphur poisoning which are possible 
depending on the conditions. The ternary phase diagram, Figure 2.5, clearly shows that the 
stability region of Ni3S2 lies in hydrogen-depleted atmospheres, while NiSO4 exists in an oxygen-
rich region.  
In the same paper, Sasaki et al. reported results from testing of an anode-supported cell, which 
has a thick, coarse-grained Ni-YSZ layer supporting the thin active, finer-grained anode layer, 
and compared the performance when poisoned with 5 ppm H2S with an electrolyte-supported 
cell under the same conditions. It was found that the poisoning effect, measured by a sudden 
drop in cell voltage, occurred after a delay of around half an hour for the anode-supported cell, 
while it was immediate for the electrolyte-supported cell [24]. This could be due to non-uniform 
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adsorption of H2S on the Ni, initially adsorbing predominantly to the outer support layer, which 
is electrochemically inactive and hence does not affect the performance, since gas diffusion to 
the active layer is unaffected by adsorbed sulphur. Bartholomew has mentioned similar effects 
being observed in traditional catalysis processes, where surface sulphur concentrations are 
often higher at the entrance to a packed bed or the outer surface of catalyst particles. This is due 
to the rapid and generally irreversible nature of sulphur adsorption on Ni [39]. 
 
 
Figure 2.5 – C-H-O-Ni-S stability diagram showing the stable region of nickel-sulphur 
compounds, thermochemically calculated for 873 K. The stability region of Ni3S2 lies near the 
line along with the positions of C, CO, CO2, and H2O. The stability region of NiSO4 lies in the 
triangular oxygen-rich region surrounded by the lines among the positions of O2, CO2, and H2O 
[24]. 
2.4.2. Kinetics and modelling 
Despite several studies on the effects of sulphur on SOFC anodes, a consensus on the kinetic 
mechanism remains unclear. A number of recent studies have attempted to model the sulphur 
poisoning and regeneration mechanism of SOFC anodes using computational methods. This 
approach provides a link between the thermodynamic properties which are reasonably well 
understood, with the microscopic mechanisms of the many processes occurring. 
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Marquez et al. [48] used density functional theory (DFT) to perform quantum chemical 
calculations, alongside molecular dynamics simulations, to model a Ni-YSZ + H2 + H2S system. 
For the DFT calculations, they used a small cluster (between 12–20 atoms) of Ni-YSZ to model 
the anode cermet, and they only considered interaction of molecular H2S, rather than any 
dissociative adsorption. They found that, while H2S oxidation is thermodynamically feasible, it is 
still less favoured than H2 oxidation. From the calculated binding energy values, the presence of 
H2S slows down the oxidation of H2; furthermore, molecular dynamics simulations showed that 
the diffusivity of H2 was 20% lower in the presence of H2S. This is a particularly interesting 
result which may be worth further investigation in this project. 
Albenze and Shamsi [49] used DFT to model the adsorption and subsequent decomposition of 
H2S on planar Ni surfaces, this time in the context of bi-metallic catalysts, examining the effect of 
molybdenum doping on the sulphur tolerance of Ni. The presence of Mo was found to enhance 
the dissociation of H2S. Of particular relevance to the present context is the energy profile that 
they calculated for the step-wise dissociation of H2S on pure Ni. Other researchers have also 
published energy profiles with similar results, notably Choi et al. [50,51], who compared 
molecular and dissociative adsorption mechanisms of H2S on Ni and Cu surfaces, according to 
equations 2.6 and 2.7. 
(a) Molecular adsorption  (2.6) 
H2S(g) + Surface ⇌ H2S(ads) ⇌ HS(ads) + H(ads) ⇌ 2H(ads) + S(ads) 
(b) Dissociative adsorption  (2.7) 
H2S(g) + Surface ⇌ HS(ads) + H(ads) ⇌ 2H(ads) + S(ads) 
They found that adsorption energies for Cu were close to zero, while there was an exothermic 
adsorption energy for Ni, and this is consistent with previously reported sulphur tolerance of Cu 
anodes compared to Ni [52,53].  
Galea et al. [54], compared the molecular and dissociative adsorption data of Choi et al. with 
Albenze and Shamsi [49] (Figure 2.6, LHS), and found good correlation between the two. More 
recently, Alfonso has published DFT calculations for H2S dissociation on a selection of different 
transition and noble metals (Figure 2.6, RHS) [55]. The results for Ni are very similar to the 
molecular adsorption pathway of Albenze and Shamsi in particular. Alfonso’s data also show 
that out of the seven catalytic metals studied, Ni has the most favourable adsorption energy on 
the (1 1 1) surface, putting the elements studied in the order Ni > Ir > Pd > Pt > Cu ≫ Au ≈ Ag. 
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Figure 2.6 – Energy profiles for adsorption and subsequent dissociation of H2S on Ni and other 
metal surfaces [54,55].  
Galea went on to model the adsorption of consecutive molecules of H2S on planar Ni (1 1 1) 
surfaces, up to an equivalent surface coverage of 75% [54]. They found that the equilibrium 
coverage was 50%, in agreement with experimental data, and also that the energy profile for 
adsorption from 25% to 50% coverage was very different to the 0–25% pathway, being less 
exothermic and with higher energy barriers. Furthermore, they found that adsorption of H2 
became less favourable on going to higher S(ads) coverage, being both less exothermic (+4.8 kJ 
mol-1 for θS = 0.5 compared to –9.3 kJ mol-1 for θS = 0.25 and –104 kJ mol-1 for a clean surface) 
and also having a much higher activation barrier, 126 kJ mol-1 for θS = 0.5 compared to 6–7 kJ 
mol-1 for θS = 0–0.25. They go on to perform a kinetic analysis based on the Eyring equation and 
using a continually stirred tank reactor (CSTR) model, to explain the experimental results of 
some researchers [26] who have found that only partial recovery is achievable when H2S is 
removed from the gas stream. 
In addition to the paper by Choi, further modelling work from the Liu group has been published 
which sheds further light on the mechanisms of nickel-sulphur interactions: Wang and Liu have 
reported DFT calculations enabling them to construct a new S–Ni phase diagram that includes 
the various adsorbed surface phases between Ni(s) and Ni3S2, [56] and also elucidating the 
conditions necessary for regeneration of sulphur-poisoned nickel surfaces whilst avoiding over-
oxidation of the nickel [57]. Finally, Chen et al. [58], have considered the CeO2–H2S system in 
DFT calculations, providing evidence for ceria enhanced oxidation of H2S to SO2 and hence 
taking us a step towards understanding the sulphur tolerance of ceria-based anodes as 
compared to YSZ. 
2.5.  Ceria-sulphur chemistry 
The thermodynamic predictions carried out by Lohsoontorn et al. [47] for ceria showed that a 
reduced state CeO1.83 can form under fuel atmospheres at 873 K and above but not at 673 K, and 
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that CeO1.83 is the dominant phase at 1273 K, with some CeO1.72 also present at this temperature. 
Incorporation of sulphur is possible with ceria under reducing conditions to form Ce2O2S, at 
pH2S above 100 ppm at the input composition, at 873 K. However it is unclear whether this 
reaction contributes to degradation over extended time periods or prevents poisoning of the 
nickel surface by catalysing the oxidation of sulphur. 
Sulphur tolerance of ceria-based catalysts has been observed, for example by Kim et al. [52], 
who found that an SOFC with a copper/ceria cermet anode was able to operate with no 
observable degradation with 100 ppm H2S in 5% n-decane in N2 at 973 K, but when 5000 ppm 
H2S was used in 50% n-decane, the performance dropped by 50%. Ferrizz et al. [59] calculated 
the Ce2O2S/CeO1.83 phase boundary and compared it with experimental data including that of 
Kim et al., and concluded that the conditions where the cell was poisoned corresponded to the 
Ce2O2S stability region. Their conclusions, as well as those of Lohsoontorn et al., were that ceria 
catalysts are tolerant of higher concentrations of H2S than nickel. 
2.6.  Degradation caused by sulphur in SOFCs 
2.6.1. Electrochemical investigations 
There are several different experimental techniques available to investigate sulphur poisoning 
of SOFC anodes, but each has its limitations. Electrochemical methods range from 1 cm2 active 
area symmetrical half-cell anodes [28,60], and three-electrode button cells [32] to pilot-plant 
scale long-term system studies [29].  
There is a general consensus from electrochemical studies conducted on Ni-YSZ cermet anodes 
that at a given temperature the extent of degradation increases as pH2S increases. The relative 
impact also levels off as pH2S increases [61]. Furthermore, the critical H2S concentration at 
which cell degradation begins to occur increases as operation temperature is increased. 
Separate studies by Matsuzaki et al. [62], Sasaki et al. [26], and others [61,63] have found that at 
lower temperatures, e.g. 873 – 1073 K, reversible performance loss occurred at H2S 
concentrations as low as 0.2 ppm, and irrecoverable degradation occurred at 5 – 10 ppm H2S 
depending on temperature; while at higher temperatures, i.e. 1273 K, up to 2 ppm H2S was 
tolerated without significant performance loss, while 50 – 100 ppm caused irreversible 
degradation. 
There appear to be two main stages of sulphur poisoning on SOFC anodes. The initial, fast stage 
of degradation, which has been shown to be partially if not fully recoverable, has been generally 
attributed to dissociative chemisorption of H2S on Ni, physically blocking active sites for 
hydrogen oxidation [61]. If large currents are being drawn when this occurs, it is possible for 
the nickel to oxidise, causing microstructural damage and loss of conductivity [26]. At high H2S 
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concentrations, bulk nickel sulphide species can form, e.g. Ni3S2, though this only tends to be 
thermodynamically favourable at lower temperatures [38,64].  
Longer term, slow degradation of performance under moderate H2S poisoning conditions has 
been observed by most researchers. This has been suggested to be caused by Ni surface 
reconstruction (which is discussed in a later section), or sulphur-electrolyte interactions. A 
typical degradation in performance is plotted in Figure 2.7 below. 
 
Figure 2.7 – Monitored potential at constant current density of 0.16 A cm-2 of a single cell solid 
oxide fuel cell in a 10 ppb - 400 ppb H2S containing-atmosphere (48.5% H2, 48.5% N2, 3% H2O) 
at 873 K [65]. 
 
However, Lohsoontorn et al. found evidence to suggest that this longer term slow degradation 
may simply be due to background thermal degradation of the cell, and must therefore be 
compared with the degradation profile of an un-poisoned cell [60]. More recently, Yang et al. 
[66] have also suggested that the secondary degradation observed in many reports may be an 
artefact of sealant contamination or leakage of S-poisoned fuel to the cathode through poor 
quality gas-seals. 
There is some evidence to suggest that the impact of sulphur is less at higher current density 
[42,67]. Adsorbed sulphur can be electrochemically oxidised in situ, the reaction equations and 
potentials at 1000 K for the processes involved are summarized in equations 2.8 – 2.11 below, 
together with the H2 oxidation equation (2.12) for comparison [25,68]: 
H2S + 3O2− ⇌ H2O + SO2 + 6e−  (E0 = +0.785 V)  (2.8) 
H2S + O2− ⇌ H2O + S + 2e−  (E0 = +0.761 V)  (2.9) 
H2S ⇌ H2 + S  (2.10) 
S + 2O2− ⇌ SO2 +4e−  (E0 = +0.748 V) (2.11) 
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H2 + O2− ⇌ H2O + 2e−  (E0 = +0.998 V) (2.12) 
 (E0 values given are for 1000 K) 
Thus by controlling the O2- flux it may be possible to convert H2S or S to SO2. This has been 
achieved with copper/ceria anodes [53], however this lowers the efficiency of the cell, and 
sacrifices the superior catalytic performance of nickel. 
2.6.2. Raman spectroscopy 
Other methods of investigation of sulphur poisoning are limited to ex situ analysis of post-test 
anodes, or analysis of exhaust gas by gas chromatography (GC) or mass spectrometry (MS). 
There have been some attempts to perform Raman spectroscopy in situ [69-74] but there is 
scope for more work in this area, which will make up part of this thesis. Raman spectroscopy 
has shown itself to be a useful technique for probing surface chemistry in SOFC operating 
conditions. The technique itself is described in detail in Chapter 3 of this thesis. Maher et al. [74] 
have used a heated sample stage to demonstrate the use of Raman spectroscopy to measure 
surface temperature and redox kinetics of SOFC anode materials in fuel environments. Cheng et 
al. [73] have also used a similar single-atmosphere heated stage to measure surface composition 
and morphology changes when a Ni-YSZ composite material was exposed to H2S-containing 
atmosphere. They found that, at temperatures above 500 °C, with pH2S up to 100 ppm, no nickel 
sulphide was detectable on the surface, which is in agreement with thermodynamic predictions. 
However, when a sample was cooled slowly in H2S-containing atmosphere, Ni3S2 was formed, 
demonstrating the need to take care with experimental conditions when preparing samples for 
ex situ characterisation at room temperature after exposure to SOFC conditions.  
The “in situ” experiments of Cheng et al. and Maher et al. were performed at simulated operating 
conditions on materials not integrated in an operating fuel cell. Pomfret et al. [69-72] have 
demonstrated an apparatus for in situ Raman spectroscopy on operating fuel cells, which could 
be referred to as in operando. They have demonstrated successful measurement of carbon 
deposition from hydrocarbon fuels at various current densities, and observed transient 
graphitic carbon during hydrocarbon oxidation on the anode compared with build-up of carbon 
at open circuit conditions. The practical considerations involved in constructing and using an in 
operando SOFC Raman rig are highly challenging. An account of the design and prototype testing 
of a novel rig for this purpose are presented in Chapter 6 of this thesis. 
2.6.3. Microstructural analysis 
Long-term structural stability is a known issue for nickel-based anode materials, as nickel has a 
relatively low melting temperature (1455 °C) which means significant shape change and 
agglomeration can occur during cell fabrication and subsequent operation [17,75-77]. 
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Prolonged exposure to fuel gases under operating conditions can lead to coarsening of the Ni 
phase and agglomeration of Ni particles, which eventually results in a loss of percolation 
causing a marked drop in electrical conductivity, and a lowered TPB density which affects 
electrochemical performance. Iwata [78] found that Ni grains in a Ni-YSZ cermet increased in 
size from 0.1–1.0 μm to around 10 μm after 1000 h fuel cell operation at 1281 K, and Jiang [76] 
has shown that the extent of Ni agglomeration for Ni-YSZ cermets is reduced for higher YSZ 
content (up to 50 vol%). Simwonis et al. [77] have tried to quantify the impact of Ni sintering, 
using long-term (4000 h) aging of Ni-YSZ anodes in a fuel environment. An increase in Ni 
particle size from 2.0 to 2.6 μm was associated with a decrease in electronic conductivity of 
33%. Zha et al. [75] have found similar results with Ni-CGO anode cermets, with a decrease in 
peak power density and an increase in polarization resistance for anodes with coarser 
microstructures. Nickel agglomeration has also been found to be enhanced by the presence of 
water vapour in the fuel gas, although the effect appears to be independent of water 
concentration [17,76,77]. 
Recent work has shown that sulphur can also affect the Ni microstructure. Sasaki et al. [26] have 
observed detachment of Ni-YSZ anodes from the electrolyte after exposure to 5 ppm H2S at 
1073 K and 0.20 A cm-2 followed by rapid cooling in N2. Nickel was oxidised to NiO, which the 
authors attributed to the operating conditions with H2S. Lohsoontorn [65] has reported 
observation of structural modifications to Ni in Ni-CGO cermet as well as pure Ni samples 
exposed at 873 K for up to 120 h to moist H2 (97% H2 and 3% H2O) with 1–3 ppm H2S and dry 
H2 (97% H2 and 3% N2) with up to 10 ppm H2S. Two effects were observed. Firstly, nickel 
sintering was accelerated by the presence of H2S, with a more pronounced effect at higher H2S 
concentrations. The second effect was the formation of step-like terraces, or facets, observed on 
Ni surfaces that were exposed to H2S-containing atmospheres. The frequency of terracing 
increased with increasing H2S concentration and exposure time. Additionally, terracing was less 
pronounced for samples exposed to dry H2 atmospheres containing H2S. Similar terracing was 
observed both for Ni-CGO and pure Ni samples exposed to the same conditions, as well as Ni-
YSZ cermets exposed at 800 °C.  
Some efforts have been made to correlate microstructural changes to degradation in 
electrochemical performance. As mentioned previously, electrochemical measurements of 
sulphur poisoning of Ni-based SOFC anodes have shown that operation in H2S-containing fuel 
can cause degradation that cannot be recovered on changing to H2S-free fuel. Lohsoontorn 
[60,65] found that for Ni-CGO anodes operating at 600 °C at open circuit, the polarisation 
resistance recovered fully in humidified H2 after exposure to 1 ppm H2S, while exposure to 3 
ppm H2S resulted in a permanent increase in polarisation resistance that could not be 
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recovered. This permanent change was attributed by Lohsoontorn to irreversible Ni 
agglomeration [65]. Lohsoontorn also found evidence that the Ni terracing described in the 
previous paragraph may in fact slow down the background degradation rate, although this 
effect is less clear. 
Some steps have been made toward in situ microstructural measurement, for example Faes et 
al.[79] have demonstrated the use of environmental transmission electron microscopy (ETEM) 
to monitor redox cycling of Ni/NiO anode materials. However, it is unlikely that this technique 
could be used to investigate sulphur poisoning due to the corrosive nature of H2S and the risk of 
chemical damage to the apparatus. 
2.7.  Mitigation of sulphur poisoning 
As mentioned in section 2.1, most fuels pass through a desulphurization stage before entering 
the anode chamber of an SOFC in a working system. Desulphurization is commonly achieved by 
a process called hydrodesulphurization (HDS), which makes use of a catalyst to convert sulphur 
compounds to H2S by hydrogenolysis with H2. The H2S is then removed by use of a sulphur 
sorbent such as ZnO, for which the reaction is H2S(g) + ZnO(s) → H2O(g) + ZnS(s) [2]. Other 
sorbent materials such as those based on ceria [80] or activated carbon [81] may also be used. 
Since it is expensive and inefficient to completely remove H2S from fuels, some research has 
been carried out into incorporation of a sulphur-resistant barrier layer to the anode cermet. 
Kurokawa et al. [31], and more recently Yun et al. [82], have reported increased sulphur 
tolerance of Ni-YSZ anodes by incorporating ceria-based nanoparticles to the cermet. Kurokawa 
et al. reported good performance of a cera-infiltrated Ni-YSZ anode operating on humidified H2 
fuel with 40 ppm H2S delivering over 220 mW cm-2 at 973 K, while a plain Ni-YSZ anode rapidly 
degraded to zero power output under similar conditions. Yun et al. made similar ceria-
infiltrated anodes and reported an improved recovery once H2S was removed as compared to 
plain Ni-YSZ anodes, with operation on up to 200 ppm H2S for 24 h. They attributed this to 
preferential formation of Ce2O2S over Ni3S2, with the ceria effectively acting as an in situ sorbent.  
In pure Ni-YSZ anodes, the thickness of the anode may be an important factor. The non-
electrochemically active bulk of anode-supported cells has been reported to delay the onset of 
sulphur poisoning compared to thin anodes in electrolyte supported cells, as mentioned 
previously [24,66]. However, this is not a successful mitigation strategy except for very short 
transient break-through of sulphur, for example if the desulphuriser fails, or in a so-called 
“burp” of sulphur in the fuel feed stream. Yang et al. found that, over extended operation, the 
degradation occurring in an anode supported cell was in fact more severe than for an 
electrolyte-supported cell [66]. 
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As has also been previously mentioned, operation at higher current density has been found to 
lessen the impact of sulphur on the anode performance. This is an area of research which merits 
further investigation, and will form the subject of part of this thesis.  
It is likely that a combination of desulphurisation, sulphur-tolerant materials, and careful 
operation management will be required to maximise SOFC lifetime with sulphur-contaminated 
fuels, since state-of-the-art Ni-YSZ anodes are not currently sufficiently robust to oxidise 
pipeline natural gas, for example, without fuel purification units which add complexity to the 
system. 
2.8.  Conclusions to Chapter 2 
In summary, there is an extensive background of literature on the interaction of sulphur 
compounds (especially H2S) with Ni and similar metals in the context of hydrocarbon reforming 
catalysis and other well-established processes. H2S is known to have a deactivating effect on 
electrochemical performance of Ni-based SOFC anodes across a wide range of H2S 
concentrations, as is also fairly well documented. However, the mechanism behind the 
degradation effect is not well understood. This is partly due to the fact that there is no 
consensus yet on the mechanism of H2 oxidation at the TPB. The effects of sulphur could be a 
fertile field of study that may also shed light on the main H2 oxidation mechanism.  
The likely configuration of commercial SOFC systems that includes a desulphurization stage 
means that there is a need for further study of lower concentrations of H2S (i.e. < 5 ppm) on 
degradation of electrochemical performance and lifetime. Additionally, short term effects of 
higher concentrations are of interest as a simulation of sulphur breakthrough from 
desulphurizer failure. 
In terms of anode materials, while there is an ongoing effort in the development of sulphur 
tolerant alternative anode materials, it seems unlikely that a novel material will disrupt the 
ongoing use of Ni-based materials in the near future. However, there is scope for further 
research into the sulphur poisoning behaviour of Ni-CGO cermet anodes as compared to Ni-YSZ.  
Microstructural degradation is a concern, and there is some evidence to suggest that H2S in the 
fuel can induce faceting on Ni surfaces. Further evidence is required to link these observations 
conclusively to Ni agglomeration and performance degradation.  
It has been suggested that increased current density lowers the poisoning effect of sulphur. 
However, other researchers have found that operation at high current density under sulphur 
poisoning conditions led to Ni oxidation and failure of the cell. The mechanism for these two 
apparently contradictory results is not clear and merits further investigation. 
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In order to gain further insight into the electrochemical measurements of fuel cell operation and 
to help elucidate the mechanisms of critical electrode processes, in situ (or in operando) 
measurement techniques need to be developed. Raman spectroscopy is a non-invasive optical 
technique that has proven adaptable to in situ measurements of fuel cells and is a promising 
technique for in operando chemical measurement of surface processes in an operating cell. 
Other in situ methods include on-stream exhaust gas analysis, for example by mass 
spectrometry and gas chromatography. 
The next chapter explains the techniques that were selected and employed in this study after 
taking into account the above conclusions, with a view to understanding degradation 
mechanisms of Ni-based anodes in sulphur-containing H2 fuel. 
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Chapter 3 Experimental methods 
3.1.  Introduction 
This chapter introduces the experimental methods used in this study. Firstly, an overview of 
fundamental electrochemistry is presented, as applied to solid oxide fuel cells. This is followed 
by an explanation of the various electrochemical techniques available for SOFC measurement, 
and then the experimental methods and practical setup for electrochemical testing used in this 
study are described in detail.  
The next section introduces some of the techniques available for microstructural analysis of fuel 
cell materials, their advantages and disadvantages, and typical data they can give. This is 
followed by a description of the microstructural characterisation techniques and preparation 
methods used in the present study. 
Finally, an introduction to Raman spectroscopy is given, with a discussion of its potential value 
in SOFC research. Results from preliminary experiments that were performed ex situ are 
presented, followed by a summary of the potential benefits of an in situ Raman-enabled SOFC 
test rig. 
3.2.  Electrochemistry 
3.2.1. Principles of electrochemistry 
The reduction and oxidation processes occurring in a fuel cell comprise a redox reaction, with 
an electrochemical potential, E, linked to the Gibbs free energy change of the reaction, ΔG,  by 
Equation 3.1: 
   
  
  
 
 (3.1) 
Where z represents the number of charge carriers involved in the redox process, and F is the 
Faraday constant, defined as the charge carried by 1 mol of electrons, 96 485 C mol-1. Equation 
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3.1 can be re-written more conveniently for the general redox reaction using the activities of the 
reactants and products (aJ) raised to the power of their stoichiometric coefficients νJ and using 
E0 for the electrochemical potential under standard conditions, to give the Nernst Equation 
(Equation 3.2a). For the common fuel cell reaction, H2(g) + ½ O2 (g) ⇌ H2O (g), where the 
reactants and products are in the gas phase, the activities can be written as partial pressures of 
the gases as in Equation 3.2b, assuming ideal gas behaviour: 
     
  
  
     
  
 
 
 (3.2a) 
     
  
  
  
      
           
 
 
 
  (3.2b) 
Where p(X) is the partial pressure of species X. 
This equation describes the variation of the equilibrium (or “open circuit”) potential (OCP) with 
activity of reactants/products. This is called the Nernst potential, or reversible potential. The 
OCP is defined for zero net current flow, and hence is a thermodynamic property of the system 
at equilibrium. For a fuel cell operating on hydrogen and oxygen, E0 at standard temperature 
and pressure is 1.229 V. However, in a working SOFC the activities of the reactants and products 
differ from standard conditions, and this results in a different OCP, predicted by this equation. 
The reversible potential also varies with temperature according to the entropy change (ΔS) of 
the reaction as in equation 3.3 [83]. This must be taken into account to obtain the value of E0 at 
the operating temperature. 
           
   
  
       
(3.3) 
For the H2/O2 reaction, ΔSѳ is –44.43 J mol-1 K-1. Therefore the reversible potential for standard 
activities of H2/O2/H2O at 700 °C (973 K) is calculated as follows: 
               
                 
               
                   
 (3.4) 
This is for molar reaction quantities. This value should be used for E0 in the Nernst equation 
(equation 3.2b) when calculating the OCP for non-standard reactant partial pressures at 700 °C. 
In a real system the OCP is usually slightly lower than the theoretical Nernst potential, due to 
back-diffusion, or reactant leakage through the electrolyte.  
When current is allowed to flow round an external circuit, the cell potential drops by an amount 
η, called the overpotential. In electrochemistry it is usually more convenient to normalise the 
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current per unit area of the electrode where the reaction takes place, and this is called current 
density, j. The current density as a function of overpotential varies non-uniformly as illustrated 
by the j–V plot in Figure 3.1. This is because the overpotential is defined by the various 
limitations of the reaction. These include activation kinetics, ηact, ohmic resistance, ηΩ, and mass 
transport losses, ηm. The total overpotential is defined as the sum of all the contributing 
overpotentials, i.e.                     . Each of these will dominate at different 
magnitudes of the current density. At low current density, the activation energy due to reaction 
kinetics is the rate-limiting factor; however in the high temperatures normally encountered in 
SOFCs this is usually a small effect. At intermediate current densities, the ohmic resistance of 
the electrolyte is the dominant factor, while at high current densities, reactant depletion means 
that diffusion of reactant species to the reaction sites becomes the limiting factor due to mass 
transport limitations. A typical SOFC should be able to achieve current densities of the order of 
0.5–1.0 A cm-2 with an overpotential of around 0.5 V, but this depends strongly on the materials 
used, electrolyte thickness and the operating temperature, among other factors. 
  
 
The current density, j, arising from an applied overpotential, η, can be described over the 
activation-dominated region for a reaction where single electron transfer is rate determining by 
the Butler-Volmer equation (Equation 3.5 below). This equation is derived by considering the 
current density as a measure of the rate of an electrochemical reaction. Using the Arrhenius rate 
equation,                  and assuming the applied overpotential causes a perturbation 
in the free energy equal to Fη, a fraction αFη is assumed to increase the free energy barrier for 
the reduction process, while (1-α)Fη contributes to lowering the barrier for the oxidation 
process. Substituting these into the Arrhenius equation, and solving for η = 0 and j = 0, the pre-
exponential factor is found to be the same for both exponents, and is given the symbol j0. This 
factor is known as the exchange current density. 
Current Density  
Mass Transport 
losses dominate 
Ohmic losses 
dominate 
Activation losses 
dominate 
Voltage 
Actual Cell 
Potential 
Ideal Cell 
Potential 
j(lim) 
E0, rev 
OCP 
Figure 3.1 – Typical current density-voltage behaviour for a fuel cell.  
E x p e r i m e n t a l  m e t h o d s  
 
46  
 
        
       
  
    
    
  
  
(3.5) 
The exchange current density is an important quantity in electrochemical systems, as it is a 
function of the rates of the forward and backward reactions at equilibrium. It is also a useful 
characteristic for comparison of different electrode materials. The higher the value of j0, the 
smaller the overpotential required to achieve a certain current density.  
The exchange current density can be estimated from one of the limiting cases of Butler-Volmer 
behaviour, which are (a) the limit of low overpotential and (b) the limit of high overpotential. In 
the case of (a), equation 3.5 simplifies to     
 
  
      , and j0 can be estimated for example 
from the polarisation resistance measured by impedance spectroscopy; while in the case of (b), 
the equation simplifies to the Tafel equation (Eq. 3.6): 
  
  
  
              
 (3.6) 
Therefore, a plot of log(j) vs η will give a straight line for overpotentials where the Tafel limit 
applies, which intercept the y-axis at log(j0). This is known as a Tafel plot and is one method of 
estimating the exchange current density from j-V data [84]. 
However, measuring j0 is difficult for SOFCs, and data in the literature are not generally 
consistent. One of the main reasons for this is that the electrochemically active sites in cermet 
electrodes are restricted to the three-phase boundary (TPB), and this is very difficult to define 
for comparison of different electrodes by normalisation of results per unit TPB length. 
Definition of TPB length could also turn out to be a crucial area of investigation in the context of 
sulphur poisoning. A possible mechanism for sulphur poisoning of SOFCs is direct blocking of 
the active TPB sites by adsorbed sulphur, reducing the total active area for oxidation to take 
place. Therefore, in order to investigate this mechanism, anodes with a consistently 
reproducible TPB length must be used. 
3.2.2. Methods for electrochemical testing 
There are several methods for electrochemical characterisation of fuel cells; however for SOFCs, 
the choice is limited by the solid-state nature of the electrolyte and the practicalities and 
material limitations of taking measurements at high-temperatures.  
The electrochemical methods most commonly used to characterise SOFCs are linear sweep 
voltammetry, cyclic voltammetry, and impedance spectroscopy. Degradation rates are also 
measured in the time domain, either by measurement of the overpotential under constant load 
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over time, or by periodic impedance measurements, which can yield more information by 
resolving different degradation rates for different components. 
Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) are direct current (d.c.) methods 
where the current response of the cell is measured under an applied voltage (in potentiostatic 
mode) or the potential of the cell is measured when a given current is drawn (in galvanostatic 
mode). This gives information about the various losses such as the ohmic resistance of the cell. 
Cyclic voltammetry is commonly used in other areas of electrochemistry to determine reduction 
and oxidation potentials of molecules. In this investigation there may be scope for using it to 
determine the oxidation potential of adsorbed sulphur on the anode. 
Electrochemical Impedance Spectroscopy (EIS) is a widely used method for the electrochemical 
characterisation of SOFCs. The impedance, which may be considered a time-varying resistance, 
is measured by monitoring the time-dependence of the current response to an applied voltage 
(or in some circumstances the voltage response to an applied current – ideally this should give 
the same result). The most common method for this is to apply a sine-wave small amplitude 
alternating voltage signal across the cell and measure the phase shift and amplitude of the 
current response. This can be done at a range of frequencies, from mHz to MHz, and the 
resulting impedances can be fitted to an equivalent circuit to give information about the 
resistance and capacitance of the various components. The most common way to present 
impedance data is on an argand diagram, or Nyquist plot (Figure 3.2). For an applied voltage 
signal v(t) = Vm sin(ωt), involving the single frequency  ≡ ω/2π, the resulting steady state 
current j(t) = Im sin(ωt + θ) is measured, and this can be transformed to the complex impedance 
Z(ω) = Z′ + iZ″ where Re(Z) ≡ Z′ = |Z| cos(θ) and Im(Z) ≡ Z″ = |Z| sin(θ). (Here i    , not to 
be confused with current density, j.) [85]. 
 
Figure 3.2 – Argand plot of real and imaginary parts of the overall impedance |Z| [85]. 
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A typical Nyquist plot for an SOFC will consist of a series of points corresponding to a range of 
frequencies, forming semicircular arcs which can be interpreted by their width in the real axis 
corresponding to a resistance (e.g. charge transfer resistance, Rct) and their height in the 
imaginary axis corresponding to a capacitance (e.g. double-layer capacitance, Cdl). An example of 
an impedance spectrum for an ideal R(RC) circuit is shown in Figure 3.3. This shows the 
Nyquist plot together with the “Bode” plots, which show the values of |Z| and θ vs. Frequency 
(ν).  
There will usually be more than one arc in the impedance plot, arising from different 
components in the cell, such as anode polarisation, electrolyte resistance, cathode 
overpotentials and double layer capacitance. For three-electrode measurements, where the 
measured impedance spectrum is purely that of the working electrode (WE), the various 
features may arise from diffusion impedance, charge transfer impedance, ohmic resistance in 
the electrode, etc. The impedance data is often analysed by comparison with simulated data 
from an “equivalent circuit” composed of simple resistors, capacitors, and constant phase 
elements, to give possible values to these physical quantities. This in turn can provide 
information on the electrode kinetics. Several software packages are available for this type of 
analysis, such as “Z-View” (Scribner Associates, USA), which was used in this study.  
 
Figure 3.3 – Typical Nyquist plot (left) and Bode plots (right) for a simple RC circuit with values 
Rohmic = 0.01 Ω, Rct = 0.1 Ω and Cdl = 0.02 F. For clarification, 3 frequencies (103, 102 and 101 Hz) 
are labeled in the complex plane (Nyquist) plot [86]. 
 
Some care must be taken when interpreting equivalent circuit fitting data, since it is sometimes 
possible to achieve an identical fit with more than one equivalent circuit. Therefore it is 
important to consider the values of the physical quantities that are implied by the fit. Irvine et 
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al. [87] proposed some possible interpretations of a range of capacitance values by order of 
magnitude that may arise from measurement of electroceramic materials. These are shown in 
Table 3.1.  
Table 3.1 – Capacitance values and their possible interpretation [87]. 
Capacitance (F) Phenomenon responsible 
10-12 Bulk 
10-11 minor, second phase 
10-11–10-8 grain boundary 
10-10–10-9 bulk ferroelectric 
10-9–10-7 surface layer 
10-7–10-5 sample-electrode interface 
10-4 electrochemical reactions 
 
Often when analysing real data an impedance feature will not fit to a true semicircle, but is 
closer to a depressed semicircle. This can be modelled with a “Cole-element”, which is a resistor 
in parallel with a constant phase element (CPE). The impedance of a pure capacitance, C, is 
modelled by    
 
   
, whereas a CPE has the form    
 
      
 , where the exponent n can take 
any value between 0.5 and 1. Thus for a CPE with n = 1, the value of Q will be equivalent to a 
pure capacitance. For any other value of n, the CPE can be interpreted as having a distribution of 
capacitances, which is defined by Q and n. The physical interpretation of a Cole-element is a 
process that is affected by inhomogeneity in the material studied. In an SOFC this corresponds 
to a distribution in particle sizes, porosity, and roughness in the contact between electrolyte and 
electrode.  
Apart from semicircles or depressed semicircles, other processes such as mass transport 
limitations (diffusion) can give rise to different shapes. Diffusion can be modelled by a Warburg 
diffusion element, which is derived from the Fick diffusion equation, but this derivation is 
outside the scope of this thesis. The simplest form of Warburg element is the “infinite Warburg 
element”, which gives rise to a diagonal line of slope 1.0 in the Nyquist plot, with increasing 
impedance at decreasing frequency. This applies for a situation with an infinitely thick diffusion 
layer. However, in a fuel cell, the diffusion layer is normally limited to the thickness of the 
porous electrode, and this means the Warburg model must be modified to include a boundary 
condition, which gives an impedance spectrum similar to that shown in Figure 3.4 [83,88]. This 
“finite bounded Warburg diffusion element” has been found to have typical peak frequencies 
around 0.5 Hz for IT-SOFCs [88]. For simplicity, in this study all impedance features were 
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initially modelled by a Cole-element.  A finite Warburg model was also tried out and was found 
to give similar results.  
 
Figure 3.4 – Typical impedance spectrum for a finite-bounded Warburg diffusion element [83]. 
Di = diffusion coefficient for species i; δ = diffusion layer thickness; σi = Warburg coefficient, 
which characterises the effectiveness of mass transport, and therefore is linked to the 
magnitude of the mass transport impedance. 
 
3.2.3. Three-electrode setup for SOFC testing 
In order to perform electrochemical measurements on a fuel cell under load and separate the 
contributions from the anode and cathode, a third reference electrode is required. Cell design 
for three-electrode measurements is restricted in SOFC research by the solid-state nature of the 
materials. Several designs have been proposed, with various advantages and disadvantages, and 
data must sometimes be corrected for systematic errors from the design. In this work, based on 
investigations by Offer et al. [89], a concentric ring reference was used, on the same side of the 
electrolyte pellet as the counter-electrode.  
An electrochemical testing rig for SOFC pellets was constructed based on an established design 
developed in the Brandon research group [89]. Modifications were made to allow for the 
presence of low levels of sulphur, by coating all steel parts with a Sulfinert® silicon coating to 
prevent adsorption of sulphur. The internal spring on the existing rig design was also 
substituted for external springs. A drawing of the rig is shown in Figure 3.5, together with 
photographs of the actual setup. The cell was attached to the end of an alumina tube using 
Ceramabond™ 503 alumina based ceramic paste (Aremco, USA), with fuel gas supplied through 
a narrower alumina tube directly to the anode inside the larger tube. The cathode was open to 
stagnant ambient air. The cell temperature was monitored with a type K thermocouple 
positioned c. 5 mm above the surface of the counter electrode.  
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A schematic diagram illustrating the gas line setup is shown in Figure 3.6. Due to the solubility 
of H2S in water, the humidification of the fuel was carried out by mixing the H2/H2S gas with 
humidified N2. For experiments requiring more than 50% H2 and where no H2S was included, a 
three-way valve was included to divert the H2 through the humidifier as well. 
In order to control the humidification of the gas, the water bubbler was situated in a heated 
water bath with heated and insulated gas lines. The temperature of the water bath was 
controlled in order to achieve the desired humidity in the fuel gas after mixing. The amount of 
H2O mixing into the N2 gas that bubbles through the bubbler column is given by the vapour 
pressure of water at the temperature of the water column, assuming the system reaches 
equilibrium. This is given for a range of temperatures in Table 3.2 [90]. In practice, the system 
may not reach equilibrium, and in order to determine the optimum temperature for the water 
bath, the humidity of the fuel mixture was monitored by a Sensirion SHT75 humidity sensor 
(Sensirion AG, Switzerland). It was thus found empirically that a steady humidity between 2.0–
2.5% H2O, measured as a dew-point between 18–22 °C, was achieved by mixing 50 cm3 min-1 N2 
bubbled through a water bath held at 35 °C with 50 cm3 min-1 dry H2 or H2/H2S mixture.  
 
Figure continues… 
 
A B 
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Figure 3.5 – Three-electrode test rig setup used for electrochemical measurements. (A) 
Diagram of core of the test rig. (B) Photograph of the same. (C) Complete test module in 
the furnace. (D) Mass flow controllers for (left to right): H2S, H2, N2. (E) Water bubbler 
setup. 
 
C 
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Table 3.2 – Vapour pressure of water at various temperatures, for estimating steam content in 
humidified gas. 
Temperature (K) 293 298 303 313 323 333 
Temperature (
o
C) 20 25 30 40 50 60 
pH2O (bar) 2.3×10
-2 3.2×10-2 4.2×10-2 7.3×10-2 12.3×10-2 19.9×10-2 
 
Current collection in the test rig was achieved with platinum mesh (Birmingham Metals Ltd., 
UK) in 3 layers, spot-welded to 0.25 mm platinum wires (Birmingham Metals Ltd., UK). 
Platinum was chosen for its relatively low affinity for sulphur [38], and mesh was used rather 
than paste in order to maximize the flow of fuel gas to the anode surface, as well as for ease of 
use. A small amount of gold paste was used on the air electrodes to improve the lateral 
conductivity. 
3.2.4. Cell fabrication 
The electrode geometry is illustrated in Figure 3.7. NiO-CGO ink was prepared as follows: 100 g 
of 60 wt% NiO:40 wt% Ce0.9Gd0.1O3-x pre-mixed powder (Fuel Cell Materials, USA), with a 
specific surface area of 5.6 m2 g-1, was weighed into a plastic milling vessel with 1.4 g of Igepal 
CO520 dispersant (Sigma-Aldrich, UK) with approx. 100 cm3 acetone and 100 g zirconia milling 
media. This was milled on a roller mill for 15 h overnight, transferred into a petri dish to dry, 
and then ground to a powder in a pestle and mortar. 34 g Texanol solvent (IMCD/Eastman, UK) 
N2 H2 10 ppm 
H2S in H2  
MFC 
2–100 mL min-1 
MFC 
2–100 mL min-1 
MFC 
2–100 mL min-1 
Bubbler-
humidifier 
Trap 
Test rig 
Dry H2 
10 ppm H2S in H2  
Dry N2 + H2 
Pure N2 or 
N2 + H2 
Exhaust  
(NaOCl (aq) 
bubbler) 
Figure 3.6 – Schematic diagram of gas setup for experimental testing. 
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and 2.8 g ethylcellulose N7 grade binder (IMCD UK/Hercules, UK) were mixed in a beaker, and 
the NiO/CGO/Igepal dispersant was mixed in gradually with a spatula. The ink was then 
transferred to a triple roll mill (EXAKT 80E, Germany), and milled until fully homogenized.  
Cells were then fabricated as follows: 3.0 g ± 0.05 g of 8 mol% yttria-stabilized zirconia (TZ-8Y, 
Tosoh, Japan) was pressed in a 1.25 inch (31.75 mm) uniaxial die press at 0.8 tonne for 25 s to 
form a pellet. Pellets were sintered on an alumina tile at 1450 °C (1723 K) for 5 h with a ramp 
rate of 5 °C min-1, to give dense pellets 1.25 mm ± 0.05 mm thick and 23 mm diameter. The 
sintered pellets were then polished on SiC paper (240 grit, then 800 grit), and cleaned with 
water followed by ethanol. They were then screen printed with NiO-CGO ink and sintered at 
1350 °C (1623 K) for 1 h. Cathodes and reference electrodes of 50 wt% (La0.8Sr0.2)MnO3-x:50 
wt% (Y2O3)0.08(ZrO2)0.92 (Fuel Cell Materials, USA) were then screen printed and sintered at 
1150 °C for 1 h. The electrode geometry used for the anode was a circular disc 11 mm in 
diameter with a surface area of 0.95 cm2 and the cathode was an identical circular disc, 
surrounded by the reference electrode, which was a ring with an internal diameter of 17 mm, 
and an external diameter of 19 mm. The thickness of the electrodes was in the range 30 – 70 μm 
as determined by SEM analysis of cross sections. 
 
 
 
3.2.5. Error compensation procedure 
The impedance compensation method of Offer et al. [89] was used in this study to characterize 
the current-voltage behaviour of test cells. A method was developed to automate the procedure 
using Nova software v1.5 (Eco Chemie, Netherlands). The cell was held in galvanostatic mode at 
a given current density and the potential measured for 10 s. Then at the same current load an 
impedance measurement was performed across a frequency range of 30 kHz – 0.1 Hz using a 
multi-sine signal consisting of 15 different frequencies at once, in order to reduce the time 
required to take the measurement. This potentiometry/impedance measurement was 
11 mm 11 mm 
17 mm 
19 mm 
Cathode and Reference Electrode 
 
Anode 
Figure 3.7 – Electrode geometry for SOFC test pellets. 
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performed for a range of current densities from 0–200 mA cm-2. For each, the ohmic resistance 
was extracted from the impedance spectra using a batch-fitting procedure in Z-View, and this 
was subtracted from the total measured WE-RE resistance to obtain a corrected overpotential 
for each current density. An example dataset is shown in Table 3.3, and plotted to illustrate the 
subtraction of ohmic overpotential in Figure 3.8. 
Table 3.3 – Data for correction method of j-V measurement. 
Current density, 
j(A cm-2) 
0.000 0.010 0.020 0.030 0.040 0.050 0.075 0.100 0.150 
Measured WE-RE 
potential, E (V) 
-1.08 -1.05 -1.02 -0.99 -0.97 -0.94 -0.87 -0.80 -0.66 
WE-RE overpotential,  
E-E(0) (V) 
0.000 0.028 0.055 0.083 0.111 0.139 0.209 0.278 0.413 
Impedance-derived 
ohmic resistance, Rs (Ω 
cm2) 
2.237 2.242 2.246 2.248 2.252 2.253 2.255 2.255 2.250 
Ohmic overpotential,  
jRs (V) 
0.000 0.022 0.045 0.068 0.090 0.113 0.169 0.226 0.338 
Corrected anode 
overpotential, η(anode) (V) 
0.000 0.005 0.010 0.016 0.021 0.026 0.039 0.052 0.076 
 
This corrected data can then be used in a Tafel analysis to determine the limiting current 
density, though this is not a true exchange current density since the active TPB density is not 
known. This is illustrated for the current example in Figure 3.9 below, giving a limiting current 
density for this anode as 10-1.44 = 0.036 (0.030, 0.041) A cm-2. 
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Figure 3.8 – Overpotential vs. current density curves illustrating the correction procedure. 
 
 
Figure 3.9 – Tafel plot of corrected j-V data. 
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3.3.  Microstructural analysis 
Analysis of the microstructure of SOFC materials is essential to understanding degradation 
processes. It is not currently possible to observe the microstructure in an operating cell directly, 
but there has been a great deal of work on understanding the evolution of microstructure in 
various operating conditions, of all fuel cell components, by analysing cells pre- and post-
testing. Microstructural analysis is a wide-ranging field of study with a host of different 
techniques, much of which is beyond the scope of this thesis. However, a brief outline of the 
techniques that were used in this study is presented here. 
3.3.1. Scanning electron microscopy 
Scanning electron microscopy (SEM) is a widely used technique that gives images down to the 
nanometre scale. It enables the SOFC researcher to see directly the structure of the surface of 
porous electrodes or, by analyzing a fracture surface, the cross-section of a layered structure 
can be viewed. Images obtained by SEM typically have a very large depth-of-field compared to 
optical microscope images, and this makes the technique particularly suitable for examining 
porous structures such as SOFC electrodes. A brief explanation of the technique is given here; 
the reader is referred to Goldstein et al. [91] for a comprehensive text on the subject. 
SEM works by scanning an electron beam from an emission source across a square area (known 
as a “raster”) on the surface of interest, in a vacuum chamber. The electron beam is generated 
by an electron gun, such as a field-emission gun (FEG), and accelerated to an energy in the range 
0.1 – 30 keV. The electron beam is focussed by a series of electron lenses and apertures to a spot 
size less than 10 nm on the sample surface. This beam is scanned in a series of horizontal lines 
forming a raster on the sample. The electrons hitting the surface of the sample interact with a 
teardrop-shaped volume known as the interaction volume. The depth of this interaction volume 
below the surface is typically less than 1 μm but can be up to 5 μm, depending on the material 
being examined and the energy of the electron beam. The interaction generates many different 
signals that can be analysed to yield various types of information. The main signals generated 
are secondary electrons (SE) and back-scattered electrons (BSE). Figure 3.10 illustrates the 
signal collection setup. 
BSE result from elastic collisions of the incident electrons with atoms in the material under 
examination. The intensity of back-scattered electrons, denoted by the back-scatter coefficient, 
generally increases with increasing atomic number of the sample. BSE imaging is particularly 
useful for determining phase contrast due to the dependence of the signal intensity on atomic 
number. 
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Secondary electrons are low-energy (<50 eV) electrons arising from the ionization of atoms in 
the interaction volume due to inelastic scattering of the incident beam. SE imaging is the most 
common form of imaging used in SEM, and the shadowing effect and large depth of field that it 
produces gives the images a 3-dimensional appearance, and hence it is particularly suitable for 
examining topography and morphology of rough surfaces. Resolutions down to 1 nm have been 
achieved [91].  
The SE and BSE signals are collected by tilting the sample so that they are scattered towards an 
“Everhart-Thornley” detector, consisting of a scintillator and photomultiplier. By controlling the 
voltage of the collector plate to a negative voltage the lower-energy SEs can be filtered out. 
 
Figure 3.10 – Diagram showing signal collection in a typical SEM (reproduced from [91]) 
 
As well as electron imaging, additional information can be obtained from an SEM experiment, 
for example elemental mapping with energy-dispersive X-Ray spectroscopy (EDS or EDX), and 
surface crystal structure determination with electron back-scatter diffraction (EBSD). In EDS, X-
rays are produced by the deceleration of electrons interacting with the sample. Spectroscopic 
analysis of these X-rays enables determination of the elemental composition of the surface with 
spatial resolution of around 1 μm. EBSD is achieved by tilting the sample to an angle of at least 
70° from horizontal to maximize the BSE signal, and a diffraction pattern is obtained on a 
phosphor screen. Indexing of the pattern may then be carried out, and this can be repeated over 
many points to obtain a map of grain orientation across the surface. 
3.3.2. Transmission electron microscopy 
Transmission electron microscopy (TEM) is an electron microscopy technique that requires an 
ultra-thin sample area. An electron beam is produced and focussed in a similar way to SEM, but 
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is directed straight through the sample. An image is formed from the interaction of the electron 
beam with the specimen as it passes through the material. Very high resolution and good phase 
contrast is achievable, and it is also possible to obtain electron diffraction patterns from a 
selected region of the sample, enabling identification of crystal structures of individual grains, 
for example, in a composite anode  structure.  
3.3.3. Sample preparation for microstructural analysis 
SEM was performed on cells that had been run in the three-electrode rig described in section 
3.2. After electrochemical testing, the cell was cooled to room temperature at 5 °C min-1 in 10% 
H2/90% N2, or in some cases it was quenched, with 100% N2 flowing to the anode, by carefully 
opening the furnace and removing the rig to cool in ambient air. The temperature profile of this 
procedure is shown in Figure 3.11, showing that the cell cooled to below 100 °C within 30 min. 
The samples were then prepared for SEM analysis by fracturing into small pieces, to enable 
examination of the anode in cross-section. A small amount of silver paste was used to prevent 
charging of the sample in the electron beam. A full description of the various fuel exposure 
conditions is given in chapter 5. 
 
Figure 3.11 – Measured temperature profile for quenching method of ex situ samples. 
 
TEM was performed on anode samples that were exposed to fuel atmospheres ex situ. The 
samples were 3 mm discs that were cut from a piece of tape cast Ni-YSZ anode. A full description 
of the sample preparation procedure is given in Chapter 5. 
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3.4.  Raman and IR  
3.4.1. Introduction to Raman spectroscopy 
Raman Scattering is a molecular spectroscopy method that involves the detection of inelastically 
scattered radiation from a monochromatic light source. Laser radiation is used to excite 
vibrational modes in a molecule to a high energy “virtual state” which can then relax in one of 
three ways: (a) most of the time molecules relax to their original state, corresponding to 
Rayleigh (elastic) scattering, (b) a small fraction of them relax to an energy level higher than the 
original state, emitting light of a slightly longer wavelength than the incident beam, which is 
called Stokes radiation, or (c) if it originated in an excited state the molecule can relax to a lower 
state, emitting anti-Stokes radiation, of a wavelength slightly shorter than the incident beam. 
These three processes are illustrated in the schematic Figure 3.12.  
 
Figure 3.12 – Diagram illustrating the electron energy transitions involved in the 
scattering processes of Raman Spectroscopy [92]. 
 
The shift in frequency of the scattered light from the incident frequency corresponds to the 
difference in energy of the vibrational states involved. As such, Raman spectroscopy is related to 
infrared (IR) spectroscopy, where the absorption of radiation in the infrared part of the 
spectrum due to excitation of particular molecular vibrational modes gives absorbance peaks at 
energies corresponding to the vibrational transitions. The main differences between Raman and 
IR spectroscopies are firstly that IR is an absorption measurement of light scanned across a 
range of frequencies covering the range of energies of vibrational transitions, while Raman uses 
a high energy monochromatic excitation source and detects inelastically scattered light. 
Secondly, the selection rules for an active vibrational mode are different. For IR, the basic 
selection rule for absorption requires a dipole change in the molecule, while Raman requires a 
change in polarizability of the electron cloud. This second difference leads to the “mutual 
exclusion rule” in centrosymmetric molecules where vibrational modes which are Raman active 
will not be IR active, and vice versa. Even for non-centrosymmetric molecules, symmetric 
vibrations are generally more intense in Raman spectra and asymmetric modes are more 
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intense in IR spectra. Therefore the two techniques are often complementary in elucidating 
molecular structures [92]. 
Raman spectroscopy has shown itself to be an increasingly useful tool for fuel cell research. It is 
molecularly specific and non-invasive, and is capable of providing valuable information 
regarding component oxidation state, reaction kinetics and intermediates as well as 
temperature distributions, with a potential for in situ application. 
Raman spectroscopy may prove to be a useful technique for investigating sulphur compounds 
formed in low concentrations on the surface of fuel cell anodes during operation on 
contaminated fuels. The technique has been shown to be sensitive to surface-deposited nickel 
sulphides where low energy electron diffraction did not detect any such species [93], and 
sulphur is known to be a good Raman scatterer. 
3.4.2. Method for Raman spectroscopy 
The sample to be examined is placed under a microscope through which the incident laser beam 
is focused onto the surface of interest. The scattered light is then focused through a diffraction 
grating to separate the wavelengths onto a charge-coupled device (CCD) camera to measure the 
spectrum. 
A broad spectrum may be obtained to show the full range of Raman signals for chemical 
analysis. This could give information about oxidation state, impurities present, and, in the case 
of carbon formation, the type of carbon present can be determined by the wavelength of the 
various Stokes lines. 
Alternatively, a single peak or small part of the spectrum may be monitored continuously over a 
period of time to obtain information on the rate of a reaction, where formation of a product 
causes a change in peak intensity proportional to the concentration of the species. 
3.4.3. Preliminary results of ex situ samples 
As a preliminary experiment, dense samples of Ni-YSZ anode material were prepared and 
examined. Pellets were pressed from 60 wt% NiO/40 wt% 8-YSZ (Fuel Cell Materials, Ohio, 
USA) and sintered at 1450 °C for 12 hours to ensure high density.  They were then successively 
polished with 800, 1200 and 2500 grit paper and reduced in humidified hydrogen/nitrogen.  
Measurements were made using the 514 nm laser at high power with spectra collected from 
3700 points in the area.  The spatial resolution was 1.5 μm. A white light image of the area is 
shown in Figure 3.13, together with the average spectrum, with background removed. The 
spectrum shows the characteristic YSZ peak at close to 600 cm-1 as well as a broad peak at 1100 
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cm-1 corresponding to some NiO that has formed on the surface since the reduction was 
performed.  
The sample area was mapped to highlight the areas showing a YSZ peak, this is superimposed 
on the white light image on the left in Figure 3.14, while the map for NiO is shown on the right. 
The NiO signal is less intense, apart from one spot at (x, y)-coordinates (30, 0). 
These images show that it is possible to obtain Raman information from the surface of each 
phase in the cermet material. There is a great deal of scope for improvement of phase 
resolution, not only by adjusting the laser spot but also by manufacturing pellets from coarser 
precursor powder. 
 
Figure 3.13 – (Left) White light image of the surface of Ni-YSZ dense cermet sample. (Right) 
Average spectrum collected from the surface, with background removed. 
 
   
Figure 3.14 – (Left) Raman map of YSZ signal; (Right) Raman map of NiO signal. 
 
A Ni-YSZ sample was then exposed to 10 ppm H2S in dry H2 for 20 h at 750 °C, and cooled at 10 ° 
min-1 in the same atmosphere. A control sample was held in clean H2 for 20 h. Raman spectra 
were collected from multiple points on each sample to generate datasets with good statistical 
properties. No significant new peaks or peak changes were observed for the sample exposed to 
sulphur compared to the control sample. Figure 3.15 shows the average of the spectra obtained 
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from the two samples. It would appear that any sulphide species remaining on the surface after 
exposure is below the detectable limit. This result demonstrates the shortfall of ex situ 
experiments to detect chemical changes to anode surfaces due to H2S, or at least shows that no 
permanent chemical change has occurred. 
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Figure 3.15 – Average Raman spectra taken across the surface of Ni-YSZ samples exposed to 
(black, upper) pure H2, and (red, lower) H2 with 10 ppm H2S at 750 °C for 20 h. 
 
3.5.  Summary and conclusions to Chapter 3 
The fundamentals of fuel cell electrochemistry as applied to SOFC testing have been presented 
in this chapter, followed by details of the experimental setup and basic procedures used in this 
study. This was followed by an introduction to the electron microscopy techniques used in 
Chapter 5, and finally an introduction to Raman spectroscopy with some preliminary 
experiments that were performed on ex situ samples.  
In accordance with the results of other researchers, the ex situ preparation of anode samples 
exposed to 10 ppm H2S did not show any signs of permanent chemical change on examination 
with Raman spectroscopy. It is generally agreed that more useful information can be obtained 
from Raman analysis in situ, and so to this end it was decided to design and build an in situ SOFC 
test rig with optical access. 
The next three chapters contain the results of the electrochemical and microstructural 
investigations into sulphur poisoning of Ni-based anodes that were carried out using the 
techniques that have been described here, and the design and construction of the test rig for in 
situ Raman spectroscopy on operating SOFC electrodes. 
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Chapter 4 Electrochemical 
measurements  
4.1.  Introduction 
There have been a number of electrochemical studies, especially over the last ten years, into the 
sulphur poisoning behaviour of SOFC anodes. These have mostly focussed on Ni-YSZ anodes 
with H2/H2S fuel mixtures, across a wide range of H2S concentrations (0.05 ppm up to several 
thousand ppm) and temperatures (600–1000 °C) [26,61,94]. The most important trends to 
draw from these studies are that the extent of sulphur poisoning increases with sulphur 
concentration, and decreases at a given concentration with increasing temperature. The most 
interesting and relevant conditions applicable to state-of-the-art IT-SOFCs with partially 
desulphurized fuel are for pH2S around 0.1–10 ppm and temperatures between 700–800 °C. 
These conditions may be applicable for a commercial SOFC operating on natural gas that has 
been passed through a simple desulphurizer unit, or where breakthrough of sulphur impurity 
arises from desulphurizer failure.  
Several researchers have used d.c. polarization techniques to show that under the above 
conditions there is an initial reversible (or partially reversible) degradation step over a number 
of minutes when H2S is first introduced to the fuel stream, followed by a much slower 
irreversible degradation over several hours [24,61]. Impedance spectroscopy has also been 
used to show that the drop in cell power output is attributable to an increase in anode 
polarization resistance [60,61]. This is consistent with a mechanism involving adsorption of S 
on the Ni surface causing blockage of active sites for H adsorption and oxidation.  
Cheng et al. [67] have shown that the increase in anode polarization resistance, rather than the 
drop in cell power output, should be used to describe the extent of sulphur poisoning when 
investigating the influence of cell voltage or current. If the drop in power output is used, then 
there is an apparent contradiction in the effect of potential or current density on the extent of 
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poisoning, depending on whether the cell is operated under galvanostatic or potentiostatic 
control.  
For longer-term (several hours or more) exposure to a sulphur-containing fuel, a slow 
irreversible increase in ohmic resistance is sometimes observed [26,61]. This has been 
suggested to arise from formation of bulk nickel sulphide, such as Ni3S2, which would cause a 
drop in conductivity of the anode. However, thermodynamic calculations have shown that 
under usual SOFC operating conditions, i.e., pH2S < 100 ppm at T > 600 °C, Ni3S2 would 
spontaneously decompose to Ni and H2S [47]. It is more likely that sulphur adsorbed on the 
surface of Ni induces restructuring of the metal crystal structure, which can lead to 
agglomeration and loss of percolation. Observations of such surface reconstruction have been 
described in Chapter 5 of this thesis.  
Nickel/gadolinium-doped ceria (Ni-CGO) anodes are of interest for use in intermediate 
temperature SOFCs, which have many advantages in terms of manufacturing and operating 
costs [95]. The effects of sulphur impurities are much more important as temperature is 
lowered, however, because S adsorbs more strongly on Ni at lower temperatures. 
In this chapter, a three-electrode technique has been applied to study SOFCs operating at 700–
750 °C using a combination of electrochemical impedance spectroscopy (EIS) and d.c. 
potentiometry to investigate the effect of current density on the increase in anode polarization 
resistance due to sulphur poisoning for Ni-CGO anodes. Cells were first characterised in clean 
fuel, and the variation in performance of different cells from the same batch was discussed. The 
effects of pH2 and temperature on the impedance response were investigated, and the baseline 
degradation behaviour was monitored. One cell was then exposed to H2S and fully recovered at 
three successive current densities, while another cell was exposed and recovered at different 
temperatures and a range of concentrations of H2S. Higher current densities were found to give 
rise to a lower increase in polarization resistance in the presence of sulphur, as well as a faster 
recovery upon removal of sulphur. When the operating temperature and sulphur concentration 
were varied, a secondary degradation mechanism was observed over a period of 2–3 hours at 
higher temperature and higher pH2S. This is thought to be a result of dissolution of sulphur in 
the surface of either nickel or CGO forming a barrier to electronic conduction. 
4.2.  Experimental procedures 
Electrolyte supported button cells in a three-electrode configuration were fabricated with 
nickel-gadolinium-doped ceria (Ni-CGO) anodes, yttria-stabilised zirconia (YSZ) electrolytes, 
and lanthanum-strontium-manganate (LSM-YSZ) cathodes and reference electrodes. A full 
description of the cell fabrication procedure and experimental setup is given in Chapter 3.  
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The anode was reduced at 800 °C by increasing the H2 concentration stepwise as follows: 4.9% 
(30 min), 9.8% (15 min), 14.7% (15 min) and 24.5% (30 min) at a total flow rate of 50 cm3 min-
1. The furnace was then ramped down to the operating temperature at a rate of 7.5 °C min-1, the 
gas composition was changed to 49% H2, 49% N2 and 2% H2O, and the flow rate was increased 
to 100 cm3 min-1. This gas composition was used for all experiments, including those involving 
up to 0.5 ppm H2S poisoning. For cells where the level of H2S was varied, only N2 was passed 
through the humidifier at 35 °C in order to maintain a constant pH2O. 
Electrochemical impedance measurements and potentiometry were carried out under 
galvanostatic control (some impedance measurements taken under potentiostatic control) 
using an Autolab PGSTAT302 (Eco Chemie, The Netherlands) with an FRA module. Autolab 
Nova software v1.5 was used for control and analysis of the measurements. Impedance spectra 
were fitted to an equivalent circuit model using Z-View v3.0 (Scribner Associates, USA). 
Cells were first characterised in clean fuel using the overpotential correction procedure 
described in Chapter 3 and in [89], which involves using EIS to compensate for errors in the 
measured overpotential due to non-ideal reference electrode geometry. The cells were then 
held galvanostatically at the specified current density for the poisoning and recovery test. The 
cell potential was measured every 10 s and impedance was measured every 25 min with an 
amplitude of 10 mA (r.m.s.) across the frequency range 9.9 kHz – 0.05 Hz for the sulphur 
poisoning experiments. A broader frequency range of 10 kHz – 0.01 Hz was used in some of the 
earlier experiments. 
4.3.  Experimental operating parameters 
Several cells were used in this study in order to examine the effect of various operating 
parameters on performance. For ease of reference, the cells were numbered, and the operating 
conditions of each one are summarized in Table 4.1.  
Table 4.1 – Summary of cells tested, conditions used and figures. 
Cell 
ref. 
Summary of experiment Figure(s) Comments 
014 
Impedance spectra – effect of current 
density/potential in clean fuel and in 1 
ppm H2S, 973 K, 50% H2, 2% H2O, 48% 
N2. 
4.6, 4.7 
Replication of experiments 
from ref. [67] using Ni-CGO 
instead of Ni-YSZ. 
020 
OCP impedance measured at 9.9%, 
49%, 98% H2 (973 K, 2% H2O, balance 
N2), and 954, 975 and 997 K (49% H2, 
49% N2 and 2% H2O). 
4.5 
Experiment to deconvolute 
impedance spectra. H2 and N2 
both passed through water 
bubbler. 
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023 
Initial characterization followed by 24 h 
galvanostatic potentiometry at 973 K in 
clean 49% H2, 49% N2, 2% H2O at 0.05 A 
cm-2.a  
4.2, 4.3, 4.8 
Baseline degradation 
experiment. Repeat of cell #22 
(not shown), to establish 
reproducibility. 
024 
Initial characterization followed by 24 h 
galvanostatic potentiometry at 0.05 A 
cm-2 in 49% H2, 49% N2, 2% H2O with 
exposure to 0.5 ppm H2S, at 973 K. a 
4.2, 4.3, 4.8 
Same batch of anodes as #23, 
similar performance. 
025 
24 h galvanostatic potentiometry in 
clean 49% H2, 49% N2, 2% H2O at 0.20 A 
cm-2 at 973 K. 
4.8 Same batch as #23, #24 again. 
027 
Initial characterization followed by 24 h 
galvanostatic potentiometry at 0.20 A 
cm-2 in 49% H2, 49% N2, 2% H2O with 
exposure to 0.5 ppm H2S, at 973 K. a 
4.2, 4.3, 4.8 
New Pt current collector – 
ohmic resistance noticeably 
smaller. 
044 
Initial characterization; galvanostatic 
potentiometry experiments on 
successive days at 0.05, 0.10 and 0.15 A 
cm-2 with c. 1.5 h exposure to 0.5 ppm 
H2S and recovery in clean fuel, all at 988 
K. 
4.2, 4.3, 
4.9, 4.10, 
4.11, 4.12, 
4.13 
Unusual polarisation 
performance – see text. Was 
nevertheless used over 3 days 
for self-contained dataset. 
052 
Initial characterization; galvanostatic 
potentiometry experiments over 
several days at 0.10 A cm-2 with c. 1.5 h 
exposure to H2S and recovery. 0.5 ppm, 
1 ppm and 3 ppm H2S at 988 K; then 1 
ppm H2S at 1003 K and 1023 K; also 1 
ppm H2S at 1023 K °C at 0.16 A cm-2. 
Fuel composition was 50% H2, 2% H2O, 
48% N2.  
4.2, 4.3, 
4.14, 4.15, 
4.16, 4.17  
Similar polarisation resistance 
to cells 20-25, but from a 
different batch. 
a Subsequently examined in SEM (Chapter 5) 
4.4.  Baseline cell behaviour 
4.4.1. j-V behaviour of Ni-CGO/YSZ/LSM-YSZ button cells 
From the temperature, gas composition and dimensions of the cells, it is possible to calculate 
expected values for open circuit potential (OCP) and electrolyte resistance. The ionic resistance 
of 8-YSZ at 700–750 °C is plotted in Figure 4.1, based on data from two different sources. This 
gives an expected conductivity for the electrolyte under the operating conditions at 700–716 °C 
in the range 0.020–0.021 S cm-1. For an average electrolyte thickness of 1.2 mm, this would give 
an electrolyte resistance in the range 5.7–6.0 Ω cm2. The actual ohmic resistance measured in 2-
electrode mode was found to be between 8–12 Ω cm2, which is within the range expected after 
taking into account the additional resistance of current collector wires and contact resistance. In 
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3-electrode mode, the measured ohmic resistance was much smaller, and is related to the non-
ideal placement of the reference electrode. 
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Figure 4.1 – Arrhenius plot of conductivity of YSZ based on data from two separate sources: 
Badwal (1992) [96] and Mori et al. (1994) [97]. 
 
The Nernst equation can be used to calculate the OCP for the reaction H2(g) + ½ O2(g) ⇌ H2O(g) 
using the form          
  
  
  
      
           
 
 
, where E(0) is the OCP under standard conditions, 
which is known to be 1.229 V at room temperature for this reaction, or 1.074 V at 700 °C. 
Therefore, for 49% H2, 49% N2, 2% H2O at 700 °C, E = 1.175 V. The actual measured OCP for 
individual cells varied from 1.06 – 1.12 V. This is slightly lower than the theoretical Nernst 
potential, which is to be expected, due mainly to leakage of reactants such as O2– through the 
electrolyte or possibly leakage of H2 to the air side. Errors in measurement of temperature and 
H2O concentration can also contribute to this difference, although the effect is rather small: an 
error of ±10 °C causes the OCP to change by ∓0.002 V, while an H2O concentration of 2.5% 
rather than 2.0% would cause the OCP to change by about 0.01 V. Other reasons for the 
difference can include electrical conductivity of the electrolyte in the case of CGO electrolytes, 
which are mixed conductors above 700 °C. 
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While the fabrication procedure was identical for all of the cells used, there was naturally some 
variation in the performance of each one due to differences in the thickness of the electrolyte, 
accuracy of electrode alignment on either side of the electrolyte, operating conditions such as 
local temperature (which could vary depending on the furnace insulation), and positioning of 
the current collectors. The current–voltage curves for a selection of the cells are plotted in 
Figure 4.2, all in 49% H2, 49% N2 and 2% H2O at a setpoint temperature of 700°C. The 
uncorrected WE-RE overpotential, (calculated from E–E(0), where E is the measured potential 
and E(0) is the measured OCP, assuming E(0) remains constant as current density increases) is 
plotted vs. current density in Figure 4.2 (A). However, due to the location of the reference 
electrode on the cathode side of the cell, it is necessary to make a correction to the 
measurement to account for the electrolyte resistance and non-uniformity in the reference 
electrode potential using impedance spectroscopy, as described previously. This results in a 
“corrected anode overpotential”, which is plotted for the cells in Figure 4.2 (B). The results 
show that the cells #23, 24, 27 and 52 have very similar anode performance, if not identical 
within experimental error, after taking into account the differences in ohmic resistance. Cell #44 
has a significant steep initial gradient of the polarisation curve, which levels off as current 
density increases. This is indicative of slower activation kinetics in this cell. This will be 
discussed further in subsequent paragraphs after discussion of the impedance characteristics of 
the cells. 
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Figure 4.2 – (A) Uncorrected Overpotential vs. Current Density for various cells; (B) 
Overpotential corrected with subtraction of ohmic contributions. See Table 4.1 for experimental 
conditions. 
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4.4.2. EIS spectra and equivalent circuit fitting 
Electrochemical Impedance Spectroscopy (EIS) was performed on all the cells, and the spectra 
taken at open circuit for the same selection of cells as in Figure 4.2 are plotted in. This clearly 
shows the variation in ohmic resistance among the different cells, measured as the high 
frequency intercept of the impedance with Z’. When the spectra are normalized, i.e., plotted 
relative to the high frequency intercept, as shown in Figure 4.3(B), a similar trend is observed 
to that shown by Figure 4.3. Cells #23, 24 and 52 have very similar polarisation resistance, 
although #52 has a slightly different shape. Cell #44 has a significantly large low-frequency 
feature, which may be caused by slower diffusion kinetics, possibly due to poor pore-phase 
percolation in the microstructure. Other researchers have observed similar behaviour: e.g. 
Aravind et al.[88] observed a low frequency loop with νmax≈ 0.5 Hz on impedance spectra of Ni-
CGO anodes, which they modelled by a Warburg Diffusion element. Holme et al. [98] recently 
published a study using simulations to confirm that the low frequency features may include 
formation and desorption of H2O, suggesting that this particular cell #44 has poor diffusion 
pathways compared to the other cells. This cell also shows a large high frequency loop peaking 
around 15 kHz, which is indicative of higher charge-transfer polarisation in this cell compared 
to the others. This feature is consistent with the observed curvature in the corrected j-V 
behaviour shown in Figure 4.3 (B). 
The impedance spectra were fitted to the equivalent circuit shown in Figure 4.4. This is a 
simplified  circuit compared to the one described by Aravind et al., and is composed of an ohmic 
resistance, Rs, representing the electrolyte and other ohmic contributions in series, and two (R-
QPE) parallel components to model the two overlapping arcs observable in the Nyquist plots. 
QPE is a constant phase element, used in place of a capacitance to obtain a better fit, as it gives a 
depressed semicircle rather than a perfect semicircle. Physically, it corresponds to a spread in 
reaction rates for the process occurring at that frequency. The Z-view software package 
typically gave modelling errors as in Table 4.2. 
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Figure 4.3 – (A) EIS spectra at OCV for various cells; (B) normalized for Rs. See Table 4.1 for 
experimental conditions. 
 
Figure 4.4 – Equivalent circuit model used for EIS spectra. 
Rs Rp (HF)
QPE1
Rp (LF)
QPE2
Element Freedom Value Error Error %
Rs Free(+) 2.381 0.0025582 0.10744
Rp (HF) Free(+) 0.44973 0.030043 6.6802
QPE1-Q Free(+) 0.078431 0.0041259 5.2605
QPE1-n Free(+) 0.6692 0.018406 2.7504
Rp (LF) Free(+) 0.46096 0.030598 6.6379
QPE2-Q Free(+) 1.622 0.1899 11.708
QPE2-n Free(+) 0.80541 0.021839 2.7115
Chi-Squared: 0.00015375
Weighted Sum of Squares: 0.012147
Data File: D:\My Documents\ebrightm PhD\Experimental Results\Electrochemistry\090730\Temp\EJB020_OCP_680.dfr
Circuit Model File: D:\My Documents\ebrightm PhD\Experimental Results\Electrochemistry\090605\EJB011_model\EJB010_Model.mdl
Mode: Run Fitting / Selected Points (7 - 49)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Table 4.2 – Impedance fitting parameters and errors. 
The first thing to note from these values is that the time-constant of the h-f feature in cell #44 is 
3–4 orders of magnitude faster than the other cells. This implies this feature is caused by a 
different process which is too small to measure in the other cells. Looking closely at the Nyquist 
plot for cell #44 shows that there are in fact three arcs, with the middle one having a similar 
time-constant to the h-f arcs of the other cells. Therefore this unusually large “very high-
frequency” arc is anomalous and accounts for the unusual j-V behaviour observed for this cell. 
This cell performed reliably, however, and was not discarded. 
In order to interpret the impedance spectra and assign the arcs to specific processes, spectra 
were measured at open circuit for a cell operating in varied pH2 and temperatures. The spectra 
for this experiment are shown in Figure 4.5, with inset graphs showing the corresponding 
values for Rp and C for each of the two parallel (R-QPE) components. The effect of increasing 
pH2 predominantly causes a decrease in the low frequency arc of the impedance spectrum, 
which is consistent with the interpretation of this feature as a diffusion-related process. The 
effect of varying temperature appears to change the resistance and capacitance of both arcs by 
almost the same amount; however, the high frequency arc is slightly more affected, and so it 
would seem appropriate to assign this feature to charge transfer kinetics, which would be 
expected to be most sensitive to temperature. The variation in Rp (hf) on increasing pH2 may be 
related to the gas humidification, which was sensitive to the temperature of the water bath. 
In addition to deconvolution of the impedance spectra at OCP, the effect of cell bias was 
investigated, and results are shown in Figure 4.6, from (A) galvanostatic operation and (B) 
potentiostatic operation. The cell was operated in 50% H2, 48% N2 and 2% H2O at 700 °C. The 
cell potential for potentiostatic mode is shown in the legend. These data show that only the low 
frequency semicircle is affected by cell bias, and it decreases strongly as current density or 
overpotential increase. Similar behaviour has been reported in the literature and is to be 
expected since different loss processes dominate at different points along the j-V curve [83,98]. 
Cell # 
Rs 
(Ω.cm2) 
Rs 
err.(%) 
Rp (hf) 
(Ω.cm2) 
Rp (hf) 
err.(%) 
QPE(hf) 
(F) 
QPE(hf) 
err.(%) 
Rp(lf) 
(Ω.cm2) 
Rp(lf) 
err.(%) 
QPE(lf) 
(F) 
QPE(lf) 
err.(%) 
23 3.27 0.16 0.23 22 0.23 30 0.61 8.0 1.51 16 
24 2.44 0.12 0.31 6.6 0.06 6.0 0.54 3.9 0.87 7.6 
27 1.13 0.39 0.24 18 0.21 19 0.24 20 4.27 27 
44 2.52 0.91 0.25 11 5.8E-5 15 3.20 9.9 1.20 6.8 
52 1.65 0.17 0.11 7.4 0.17 9.9 0.74 1.3 1.13 2.2 
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Figure 4.5 – EIS spectra of a cell in (A) varied concentration of H2, with constant 2% H2O, 
balance N2 at 973 K; and (B) varied temperature with constant 49% H2, 2% H2O and 49% N2. 
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Figure 4.6 – EIS spectra in (A) galvanostatic mode and (B) potentiostatic mode showing the 
effect of bias on the EIS response of Ni-CGO/YSZ/LSM cell in 49% H2, 49% N2, 2% H2O at 973 K. 
 
Impedance spectra were also measured for this cell in the presence of 1 ppm H2S with the other 
variables maintained the same. The results are shown in Figure 4.7, together with the 
galvanostatic 0 mA cm-2 spectrum in clean fuel for comparison. It can be seen that the low 
frequency arc is affected more than the high frequency arc, although due to increased overlap of 
the two arcs it is difficult to interpret whether the high frequency component is also affected. 
However, it is consistent with other reports [61,67] which also found only the low-frequency 
component of the impedance to increase in the presence of sulphur.  
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Figure 4.7 – EIS spectra of the same Ni-CGO/YSZ/LSM cell as in Fig. 4.6, with 1 ppm H2S in 50% 
H2, 48% N2, 2% H2O. 
 
4.4.3. Galvanostatic potentiometry measurements 
An objective of this study was to investigate the anode performance on exposure to H2S and 
subsequent recovery in clean fuel. The duration of such an experiment might extend to many 
hours, even several days, so it is important to consider the background degradation of the anode 
that occurs in clean fuel over a similar length of time in order to separate this from the 
additional degradation caused by H2S. In order to do this, cells were run at constant current 
density for up to 24 h in clean fuel composed of 49% H2, 49% N2 and 2% H2O, at the operating 
temperature of 700 °C. The potential was measured continuously between the anode and 
reference electrode (denoted E(WE–RE)), and the measured potential was then converted to a 
resistance using Ohm’s law based on the current density used, i.e. by the formula R(WE-RE) = (E(WE-
RE)–E(0))/j where E(0) is the measured OCP and j is the current density. Impedance spectra 
were also measured at the same bias at regular intervals, approximately every hour or every 
half-hour depending on the experiment. 
Figure 4.8(A) shows the uncompensated WE–RE resistance (R(WE-RE)) for cells operating in 
clean fuel at two different current densities, 0.05 and 0.20 A cm-2. Also plotted are the data for 
two cells which were exposed to 0.5 ppm H2S for c. 15 h.  The gaps approximately every hour in 
the data are from the regular impedance measurements that were measured. These impedance 
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spectra were fitted to an equivalent circuit as in Figure 4.5, and the series resistance (Rs) and 
sum of polarisation resistances (Rp(tot)) are plotted for the same four cells in Figure 4.8(B). In 
order to factor out differences in electrolyte resistance due to electrolyte thickness, operating 
temperature and current-collector resistance (as with the j-V correction procedure described 
above) the Rs values were extrapolated and subtracted from the measured R(WE–RE), to obtain a 
corrected continuous measurement of the anode resistance, which is plotted in Figure 4.8(C). 
Focussing initially on the baseline data for clean fuel operation (red and black sets of data in 
Figure 4.8), the cell shows a fairly linear, slow background degradation. There seems to be a 
break-in period of faster degradation during the initial 4–5 h, although this was less pronounced 
in the poisoned cells during their initial 5 h operation in clean fuel. Based on the impedance data 
in Figure 4.8(B), most of the linear background degradation is due to the Rs (ohmic) 
component of resistance. The initial break-in period of faster degradation arises mainly from 
the Rp component. After subtraction of Rs, the anode degradation is < 5% over 10 h for the 0.05 
A cm-2 cell, and appears to be zero for the 0.20 A cm-2 cell, actually appearing to improve slightly 
for a portion of the time. 
For the cells exposed to H2S, after subtracting Rs the anode resistance shows a clear stepwise 
increase on introduction of sulphur, with no subsequent degradation. However, looking at the 
impedance data in Figure 4.8(B), while the Rp component follows a similar trend to the 
corrected anode resistance data, the Rs component appears to degrade faster due to the 
presence of H2S, and this then recovers to a lower Rs value on removal of sulphur from the fuel. 
This behaviour will be discussed further later on in the chapter. 
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Figure 4.8 – Degradation of 4 different cells operating galvanostatically at 0.20 A cm-2 or 0.05 A 
cm-2, in 49% H2, 49% N2 and 2% H2O at 973 K. Blue and green trends include ~15 h exposure to 
0.5 ppm H2S. (A) Uncorrected measurement of WE-RE resistance. (B) Rs and Rp from equivalent 
circuit modelling of impedance measurements taken every hour. (C) Compensated anode 
resistance as calculated by subtraction of WE-RE ohmic resistance from the data in (A). 
 
4.5.  Effect of current density on H2S poisoning 
The increase in anode resistance in Figure 4.8 appears to be smaller for the cell operated at 
0.20 A cm-2 compared to 0.05 A cm-2. However, because the two cells had slightly different initial 
performance it is not possible to compare them directly. In order to make a direct comparison of 
the effect of increased current density on sulphur poisoning behaviour, a cell was exposed to 0.5 
ppm H2S and recovered in clean fuel successively at three different current densities at 988 K in 
49% H2, 49% N2, 2% H2O, over a total period of three days. The cell was characterized by a j-V 
measurement with the impedance compensation method described above between each 
successive poisoning (Figure 4.9). The measured performance was consistent with a 
background degradation rate of < 1% over the duration of the test. 
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Figure 4.9 – Polarisation performance of test cell before each successive H2S exposure in 
section 4.5. T = 988 K, 49% H2, 49% N2, 2% H2O. 
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Figure 4.10 – (A) Typical impedance during galvanostatic measurement for section 4.5. , at 0.10 
A cm-2 in 49% H2, 49% N2 and 2% H2O at 988 K. 
(B) Typical impedance for galvanostatic measurements of section 4.6. , at 0.10 A cm-2 in 50% H2, 
48% N2 and 2% H2O at 988 K. 
 
Current densities of 0.05 A cm-2, 0.10 A cm-2 and 0.15 A cm-2 were used. An example of the 
impedance spectra for this cell is given in Figure 4.10(A). The measured cell potential E(WE–RE) 
was converted to give an uncompensated anode resistance R(WE-RE) and is plotted in Figure 4.11 
along with the Rs and low-frequency Rp values extracted from the periodic impedance 
measurements by the equivalent circuit model described above. The high-frequency Rp value 
was not affected and so has not been shown. 
There is a continuous linear increase in the Rs component with time observable in Figure 
4.11(B), and it can be seen that the series resistance of the cell was slightly higher for each 
successive run (measurements were performed in order of increasing current density on 
consecutive days). This trend in Rs is clearly due to background degradation in the cell. There 
did not appear to be significant acceleration in degradation of Rs due to H2S for this cell as was 
observed in the cells in section 4.4.3. However, the anode polarization resistance shown in 
Figure 4.11(C) and Figure 4.12 is significantly lower overall as current density increases.  This 
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is a result of lower charge-transfer resistance and is consistent with the j-V behaviour of the cell 
shown in Figure 4.9, as well as the impedance data in Figure 4.6. 
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Figure 4.11 – (A): Uncompensated anode resistance measured by galvanostatic potentiometry; 
(B) and (C) equivalent circuit fitting results from impedance spectra, for exposure to 0.5 ppm 
H2S and recovery in clean fuel at 715 °C at 0.05, 0.10, and 0.15 A cm-2. Fuel composition was 
49% H2, 49% N2 and 2% H2O; dotted lines indicate when H2S was added to the gas stream and 
removed. 
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Figure 4.12 – Compensated anode resistance from potentiometry measurements calculated 
from the data in Figure 4.11(upper data sets), and polarization resistance from equivalent-
circuit modelling of impedance measurements (Rp(LF)). 
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Figure 4.13 – Increase in anode resistance on adding 0.5 ppm H2S as a function of current 
density, estimated from the data in Figure 4.12. Error bars reflect the uncertainty due to the 
instability of the continuous measurement. 
 
Figure 4.12 shows the corrected anode resistance plotted directly with the Rp(LF) component 
of the impedance spectra for comparison, and shows a similar trend. Figure 4.13 shows the 
difference in anode resistance in the presence of H2S and in clean fuel at the three different 
current densities studied, as measured from both the continuous potentiometry data and the 
impedance data in Figure 4.12. The correlation between the two quantities suggests that the 
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increase in cell resistance observed on sulphur poisoning arises entirely from the anode low-
frequency impedance. This implies that the observed stepwise degradation and recovery is 
arising from changes in the process responsible for this low frequency feature in the impedance 
spectrum. The frequency at the maximum of this arc, νmax is around 1 Hz. Comparison with 
literature data [88] suggests that this feature is composed of two overlapping arcs 
corresponding to processes on the surface (νmax ≈ 8 Hz) such as adsorption and surface 
diffusion, and diffusion in the gas phase (νmax ≈ 0.5 Hz). The degree of poisoning is lower for 
higher current density, which is consistent with the results obtained by Cheng et al. for a Ni-YSZ 
anode [67], and suggests that adsorbed sulphur atoms are oxidized electrochemically at the 
triple-phase boundary as in Equation 4.1 below, since a higher current density means there is a 
higher flux of O2-, and hence a higher rate of desorption. 
 S(ads) + 2O2- ⇌ SO2(g) + 4e
–  (4. 1) 
Future work will aim to discover if there is a limiting current density above which the anode 
polarization resistance does not increase with H2S addition; this is likely to be closely linked to 
the activation energy for this electrochemical sulphur oxidation mechanism. 
4.6.  Effect of pH2S and temperature 
4.6.1. Effect of pH2S  
A second cell was reduced and characterised in the same way as the cell in Section 4.5. , and 
exposed to concentrations of 0.5 ppm, 1 ppm and 3 ppm H2S under a constant current load of 
0.10 A cm-2 at 988 K. The cell was then exposed to 1 ppm H2S at 0.10 A cm-2 at temperatures of 
973, 1003, and 1023 K, with recovery in clean fuel after each poisoning. The j-V behaviour of the 
cell was measured between each poisoning and recovery to monitor any permanent 
degradation from each exposure. The impedance-corrected overpotential vs. current density 
curves are shown in Figure 4.14. The anode resistance actually decreased slightly from the 
initial measurement after the first sulphur poisoning experiment, after which the anode 
overpotential at 0.10 A cm-2 increased by c. 0.5% between each successive poisoning and 
recovery experiment. It was assumed that this was due to underlying background degradation 
and that the cell recovered completely from the sulphur poisoning. 
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Figure 4.14 – Polarisation performance of test cell for section 4.6. before and after each 
successive poisoning experiment. 
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Figure 4.15 – (A) Uncompensated anode resistance from potentiometry at 0.10 A cm-2, T = 988 
K; (B) and (C) modelling parameters from equivalent circuit fitting of periodic impedance 
spectra taken during the same 0.10 A cm-2 potentiometry. Fuel composition: 50% H2, 2% H2O 
and 48% N2. Dotted lines indicate when 0.5 ppm, 1 ppm and 3 ppm H2S was added to the gas 
stream and removed. 
 
Figure 4.15 shows the cell potential and equivalent circuit fitting results for the varied pH2S 
experiments. The impedance spectra of this cell differed slightly from the previous cell in that 
the high-frequency parallel (R-CPE) component was almost entirely overlapped by the low-
frequency arc, as shown in Figure 4.10(B). Therefore, for simplicity, the spectra were fitted to 
an equivalent circuit with only one R-CPE parallel component (Rp) and one series resistance 
(Rs) component. 
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The extracted data for the increase in anode polarisation resistance (Figure 4.15(C)) show a 
trend, similar to previous experiments, of initial rapid increase in resistance followed by a 
more-or-less stable value, which slowly recovers to the initial performance on switching back to 
clean fuel. Higher concentration of H2S gave a slightly higher increase in Rp, similar to results 
previously reported elsewhere [61,94]. 
The most notable feature of the data presented in Figure 4.15, however, is that as pH2S is 
increased there is a secondary degradation occurring after the initial drop in cell performance. 
This secondary degradation affects the series component of the impedance, and is similar to the 
preliminary experiments in section 4.4.3. This behaviour implies the formation of an insulating 
phase caused by the increased concentration of sulphur. This will be discussed further in 
subsequent paragraphs.  
4.6.2. Effect of temperature  
Figure 4.16 shows the results for exposure to 1 ppm H2S at 0.10 A cm-2 at three different 
temperatures. Looking initially at the trend for Rp in the lower panel, the initial stepwise 
decrease in performance follows the trend expected based on the established literature on 
sulphur poisoning behaviour, i.e., a smaller increase in Rp occurred at higher temperatures. 
However, there is also a secondary degradation in the data at 1023 K, and to a much lesser 
extent at 1003 K, which again corresponds to an increasing ohmic resistance, similar to the 
trend in Figure 4.15. 
It is important to note that this dramatic increase in Rs is accompanied by a large degree of 
instability in the measurements as can be seen by the larger fitting errors on the impedance 
spectra, and the scatter in the measurements of the potentiometry data. Indeed, for the data at 
1023 K some of the impedance spectra were unusable. However, the stability returned just 2–3 
h after switching back to clean fuel.  
The experiment at 1023 K was repeated at a higher current density of 0.16 A cm-2, in order to 
examine the performance at a similar anode overpotential to the lower temperature 
experiments. The data are shown together with the data for the 0.10 A cm-2 poisoning in Figure 
4.17, and show that the higher current density mitigates the ohmic degradation significantly. 
The increase in Rs over a period of 2 h in 1 ppm H2S at 0.10 A cm-2 is about 4.5 Ω, while at 0.16 A 
cm-2 the increase in Rs in the same conditions is about 1 Ω. Interestingly, the stepwise increase 
in polarisation resistance does not appear to be significantly smaller at the higher current 
density in this experiment.  
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The abrupt recovery in the 0.16 A cm-2 trend at c. 5 h occurred when the spring-loaded 
connection to the current collector was adjusted. This implies the degradation may be linked to 
the interface of the anode surface with the current collectors. 
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Figure 4.16 – (A) Uncompensated anode resistance from potentiometry in section 4.6.2 at 0.10 
A cm-2, T = 700 °C (973 K), 730 °C (1003 K) and 750 °C (1023 K); (B) and (C) modelling 
parameters from equivalent circuit fitting of periodic impedance spectra taken during the same 
0.10 A cm-2 potentiometry. Dotted lines indicate when 1 ppm H2S was added to the gas stream 
and removed. Gas composition was 50% H2, 2% H2O and 48% N2. 
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Figure 4.17 – Uncompensated anode resistance at 1023 K for 1 ppm H2S exposure at fixed 
current density (Section 4.6.2). Squares (blue) – 0.10 A cm-2, circles (green) – 0.16 A cm-2. 
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4.7.  Discussion  
Hansen [44] reported an empirically-derived isotherm for calculating the sulphur coverage on 
Ni surfaces at given conditions. Using this, the theoretical surface coverage in the conditions 
used was calculated, as shown in Table 4.3. A higher sulphur coverage would account for the 
larger increase in Rp observed at lower temperature and/or higher pH2S. This would correlate 
to a surface-blocking effect, rather than a bulk gas-phase diffusion mechanism, considering the 
impedance response discussed earlier. However, higher sulphur coverage does not account for 
the ohmic degradation observed for 1 ppm H2S at 750 °C, where the theoretical sulphur 
coverage is the same as for 0.5 ppm H2S at 715 °C.  
Table 4.3 – Sulphur coverage calculated from Temkin-like isotherm [44] for the conditions used 
in this study. 
T/°C  T/K   θS  
  pH2S 0.5 ppm 1 ppm 3 ppm 
  pH2S/pH2 1.0x10
-06 2.0 x10-06 6.0 x10-06 
700 973  0.80 0.82 0.87 
715 988  0.79 0.82 0.86 
730 1003  0.78 0.81 0.85 
750 1023  0.76 0.79 0.84 
 
Microstructural investigations (described in Chapter 5) of identical cells to those used here 
showed significant faceting, or step-formation, on the surface of the Ni grains after exposure to 
sulphur. This may be related to the dissolution of S in the Ni at the surface, which could account 
for the increase in series resistance observed. However, this electrochemical behaviour seen 
here has not previously been reported in any of the literature surveyed, which predominantly 
pertained to Ni-YSZ cermet anodes. The anodes used in this work were Ni-CGO cermets. This 
suggests it may not be the Ni phase on its own which is contributing to the poisoning behaviour, 
but there may be a change in reactivity of Ni due to the electrolyte phase in the cermet. 
The flux of O2– ions arriving at the anode is given as j/(nF) where j is the current density, n is the 
number of electrons per charge carrier, and F is Faraday’s constant. Thus for a cell running 
galvanostatically at 0.10 A cm-2, the O2– flux is (0.10 ÷ (2 × 9.6485×104)) = 5.2×10-7 mol cm-2 s-1. 
Under normal fuel cell operation, this would correspond to the rate of H2O formation on the 
surface of the anode. However, under conditions where H2 oxidation is limited due to sulphur 
poisoning, the rate of H2O-formation may be significantly less than this, meaning there is a 
gradual build-up of O2– at the electrolyte/electrode (or CGO/Ni) phase boundary. This could 
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eventually lead to Ni oxidation, as mentioned by Sasaki et al.[26], among others. However, Ni 
oxidation would normally be expected at much higher current density conditions than those 
used here. 
An alternative explanation is that the CGO electrolyte is involved in this process. Lohsoontorn et 
al. [60] observed similar electrochemical behaviour in Ni-CGO cermet anodes, while other 
studies in the literature which did not report this behaviour were on Ni-YSZ anodes. This 
suggests that a change occurring in the CGO phase may be affecting the ohmic resistance of the 
anode. Recent unpublished work at Imperial College on Ni/NiO redox kinetics in NiO-CGO and 
NiO-YSZ composites measured by Raman spectroscopy has found that the presence of CGO may 
affect the Ni oxidation potential. Lohsoontorn et al. also studied the thermodynamics of the bulk 
Ce–O–S system [47], which shows the operating conditions used here are close to the phase 
boundary between the reduced-state CeO1.83 phase and Ce2O2S, though the effect of 
electrochemical potential on the Ce–O–S phase behaviour has not yet been investigated. Under 
the operating conditions used in this study, the ceria phase is likely to be in a reduced state, 
which is a mixed-conducting phase, contributing to the overall electrical conductivity of the 
anode. The bulk conductivity of the anode will be dominated by metallic Ni, but it is thought that 
CGO may contribute to the lateral conductivity, lowering the current collector contact 
resistance. Under the sulphur-poisoned atmosphere at constant current density, as explained in 
the previous paragraph, there is a buildup of O2– at the electrolyte/nickel phase boundary. This 
could lead to gradual reoxidation of the ceria to the electrically resistive CeO2-type phase, which 
may affect the lateral conductivity of the anode. The ohmic degradation was found to be very 
sensitive to adjustment of the current collector contact, which is consistent with this 
explanation.  
Further investigation will be required into this behaviour, either by examination of post-test 
samples by X-ray photoelectron spectroscopy (XPS), or, more usefully, in situ Raman 
measurements, which are the subject of Chapter 6 of this thesis and ongoing work. 
4.8.  Conclusions and future work 
Three-electrode pellet cells were tested in various operating conditions. Introduction of 0.5 ppm 
H2S for up to 15 hours was found to cause a reversible stepwise increase in anode resistance, as 
well as in some cases a secondary gradual increased degradation, which was also recoverable. 
The degree of poisoning, measured by the increase in anode polarization resistance, was found 
to be lower for higher current density operation. This is thought to be a result of higher flux of 
O2- from the electrolyte causing oxidative desorption of S(ads) to SO2 (g) at triple-phase 
boundaries. 
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At higher H2S concentrations (up to 3 ppm at 988 K) and at higher temperatures (up to 1023 K) 
a secondary degradation was observed in addition to the primary rapid increase in Rp. This 
additional degradation was caused by an increase in series resistance, and it is suggested that 
this increase may be a result of near-surface phase changes in the Ni and/or CGO component of 
the cermet, possibly due to reoxidation of the ceria which is expected to be in a mixed-
conducting reduced state in the operating conditions used.  
There is a great deal of scope for further investigation on this topic. It would be interesting to 
investigate whether there is a limiting current density above which poisoning does not occur. 
This would require much thinner electrolyte, however, since ohmic heating due to forced high 
current loads may be a problem. This investigation could lead to data on the activation energy of 
the electrochemical oxidation of adsorbed sulphur.  
The Rs (gradual degradation) behaviour observed in this study merits further study, which is 
already planned for the near future, both in microstructural/surface post test analysis using 
SIMS, Auger electron diffraction and XPS, and also by using in situ Raman spectroscopy to 
monitor the oxidation state of both Ni and CGO during this process. 
Another experiment which could add to the results presented here would be to run a cell in a 
constant H2S-containing atmosphere and increase the operating current density in stages, 
without the intervening recovery in clean fuel. This would provide an insight as to the capability 
of current density to mitigate sulphur poisoning. 
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Chapter 5 Microstructural experiments 
5.1.  Introduction 
Long-term electrode structural stability is a major concern for SOFC development. As discussed 
in Chapter 2, nickel-based anode materials are susceptible to shape-change and agglomeration 
due to the relatively low melting temperature of Ni (1455 °C). Long-term aging studies have 
found an increase in Ni particle size due to sintering during operation at temperature. It has 
been shown that the presence of steam in the fuel gas leads to accelerated agglomeration of Ni 
particles [17,76,77]. These studies are usually over a duration of many thousands of hours, but 
it is desirable to develop an accelerated aging methodology.  
Sulphur has been found to affect Ni microstructure under SOFC operating conditions [65], by 
the appearance of terraces on the Ni grain surfaces. This effect is not well understood, and there 
is scope for investigating the link between this terracing and electrochemical performance. 
In the work presented here, the restructuring phenomenon is investigated more closely, in 
order to establish further evidence for the effect of H2S and H2O in the fuel on the irreversible 
degradation observed. Bulk anode structures, as well as thin-foil samples of anodes, have been 
studied before and after exposure to different fuel environments, including dry and moist 
hydrogen, and hydrogen with low levels of H2S. The samples were examined using both 
scanning and transmission electron microscopy (SEM and TEM). The bulk anodes were Ni-CGO 
while the thin foil samples were predominantly Ni-YSZ. A different material was used partly due 
to its availability and ease of sample preparation, and previous work has shown that the 
electrolyte phase in the cermet does not appear to affect Ni restructuring. Limited tests were 
also carried out on Ni-CGO thin foils to confirm similar behaviour. The purpose of the thin foil 
samples was to accelerate the rate of restructuring by maximising the surface area available for 
adsorption; the bulk Ni-CGO samples were identical to those used in Chapter 4, and allowed for 
a direct comparison of the electrochemical performance with the anode microstructure. 
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5.2.  Experimental methods 
This investigation made use of two different types of sample. The first were Ni-CGO anodes from 
electrolyte-supported button cells fabricated and tested as described in Chapter 4 of this thesis. 
The cells were operated at a current density of 0.05 A cm-2 or 0.20 A cm-2 for a total of 24–25 h. 
For samples exposed to H2S, after c. 5 h of operation with clean fuel, the gas composition was 
changed to contain 0.5 or 1.0 ppm H2S for 15–18 h, and then either recovered in clean fuel for 
up to 4 h, or in the case of one sample, quenched (cooled rapidly) in dry N2 without first 
changing to clean fuel. The cells that were recovered were cooled to room temperature at open 
circuit in dry H2/N2 (10%/90%) at 5 °C min-1. Control samples were run on the clean fuel 
composition for the entire 24–25 h. 
The second type of samples was thin TEM sections prepared from porous tape-cast Ni-YSZ 
anode substrates (Ningbo Institute of Material Technology and Engineering, China). The 
material was supplied in sheet form, approximately 1 mm thick.  The NiO/YSZ composite sheet 
was reduced by heating to 750 °C at a rate of 5 °C min-1 in 97% N2/3% H2, followed by 
increasing the H2 concentration to 97% over a period of 1 h at 750 °C, holding in 97% H2/3% 
H2O for 1 h and finally cooling to room temperature at a rate of 5 °C min-1 in 97% N2/3% H2. 
Once reduced, several 3 mm diameter discs were machined from the sheet using a Gatan Model 
601 ultrasonic disc cutter.  These were then ground and polished on both sides, using 
progressively finer SiC papers (final step with 1200 grit paper), to a thickness of 80–120 μm and 
then dimpled (Gatan 656 dimple grinder) on both sides to a central thickness of <15 μm.  The 
dimpled regions received a final polish using 1 μm diamond paste.  The samples were sputtered 
from both sides to electron transparency using a Gatan 691 PIPS precision ion mill.  Argon ions 
(Ar+) were accelerated towards the sample surfaces using a voltage of 4 kV at an incident angle 
of 8–10° to the sample surface until a central hole was produced.  This was followed by 2.5 kV 
and 6° for 30–45 min.  The latter conditions were utilized to increase the amount of thin area 
and to reduce ion damage.  It should be noted that electron transparent regions were located 
near the central hole. 
Table 5.1 – List of gas mixtures and exposure times for TEM samples – all at 700°C. 
Sample Atmosphere (vol.%) Duration (min) 
Ni-YSZ 1 ppm H2S in 100% H2 5 
Ni-YSZ 1 ppm H2S in 100% H2 15 
Ni-YSZ 1 ppm H2S in 100% H2 90 
Ni-YSZ 2% H2/98% N2 15 
Ni-YSZ 10% H2/90% N2 15 
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Ni-YSZ 100% H2/0% N2 15 
Ni-YSZ 100% H2/0% N2  90 
Ni-YSZ 2% H2O/49% H2/49% N2 15 
Ni-YSZ 1 ppm H2S in 2% H2O/98% H2 15 
Ni-YSZ 1 ppm H2S in 2% H2O/49% H2/49% N2 15 
Ni-CGO 1 ppm H2S in 100% H2 15 
 
For exposure to fuel cell conditions, the TEM samples were placed in an alumina boat situated in 
a quartz tube inside a horizontal furnace. The samples were heated at a rate of 7.5 °C min-1 to 
the exposure temperature (700 °C) in 10% H2/90% N2, with a total flow rate of 100 cm3 min-1. 
When the desired temperature was reached the gas composition was changed to the desired 
mixture for exposure. The specific gas mixtures and exposure times are given in Table 5.1.  
After the specified exposure time, the gas was changed to pure N2 and the sample was quenched 
by withdrawal of the alumina boat from the hot zone of the furnace using an attached wire. The 
temperature was measured to reach below 100 °C within 15–20 min. 
Examination of the microstructure of these samples was carried out in collaboration with Prof. 
Douglas G. Ivey (University of Alberta, Edmonton, Alberta, Canada) whilst he was at Imperial 
College on a sabbatical visit. Fuel cell samples were studied, in both plan view and cross section 
orientations, in a Leo Gemini 1525 field emission gun SEM.  The SEM was operated at 5 kV with 
a working distance of 5-6 mm, using the in-lens secondary electron (SE) detector for imaging.  
For plan view orientations, the bottom surface of the anode was examined, i.e., the surface in 
contact with the current collector.  Cross section samples were prepared by fracturing in air. 
TEM samples were examined in a JEOL 2000FX TEM, operated at 200 kV, and equipped with an 
Inca energy dispersive x-ray (EDX) system. 
5.3.  SEM analysis of Ni-CGO anodes from tested fuel cells 
5.3.1. Baseline conditions – operation in clean fuel 
The first samples investigated were bulk Ni-CGO anodes from pellet cells tested in the same rig 
as in Chapter 4. In order to establish a baseline condition, an anode was examined as-reduced, 
i.e. having been cooled to room temperature immediately after the reduction procedure. Plan 
view and cross-section images are shown in Figure 5.1. The CGO (electrolyte phase) grains are 
essentially featureless and smooth, while many of the Ni grains have small particles on their 
surfaces. Besides this, there is no evidence of other surface features such as terracing. 
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The particles on the Ni surfaces were too small to identify directly by EDX analysis in the SEM, 
so a TEM sample was prepared from the anode. Figure 5.2(a) shows a bright field (BF) image of 
a Ni grain with two particles on the surface, indicated by arrows. Figure 5.2(b) shows an EDX 
spectrum with (inset, Figure 5.2(c)) a microdiffraction pattern from the larger of the two 
particles. The EDX spectrum clearly shows the presence of Ce, Gd and O as well as the strong Ni 
signal from the surrounding Ni grain. The microdiffraction pattern can be indexed to CGO, with 
an orientation close to the [105] zone axis. Diffraction patterns from several other orientations 
were also examined and confirmed the small particles originated from the CGO phase. This 
implies the particles are an artefact of the cell fabrication or reduction process. 
Cells were also examined after operation at constant current in clean fuel. These cells 
correspond to the electrochemical data in Chapter 4, Figure 4.8. Cells were run at a constant 
current of 0.05 A cm-2 and 0.20 A cm-2 and the microstructures are shown in Figure 5.3 and 5.4. 
Some significant surface structures can be seen on the top surface of the CGO phase of the 
anode, as indicated by arrows in Figure 5.3(a). This is most likely an artefact due to contact 
with the current collector, as the structure is not found below the outer surface of the anode. All 
 
Figure 5.1– Baseline Performance – as-reduced sample of Ni-CGO bulk anode. (a) and (b) – plan 
view; (c) and (d) – cross-section. 
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subsequent SEM images are cross-section orientations to avoid any confusion from this 
contacting effect. Small particles, similar to those found in Figure 5.1 are present on many of 
the Ni grains. Additionally, there is some evidence of terracing on the Ni grains, as circled in 
Figure 5.3(a), but these features were rare and difficult to find, especially for the cell operated 
at 0.05 A cm-2.  
 
Figure 5.2 – TEM sample taken from as-reduced sample in Figure 5.1. 
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Figure 5.3 – Baseline performance, clean fuel overnight at 0.05 A cm-2 (cell ref #023). 
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Figure 5.4 – Baseline performance – clean fuel overnight at 0.20 A cm-2. 
 
5.3.2. Effect of sulphur exposure 
Cells were operated at 0.20 A cm-2 for a total of about 25 h with exposure to 0.5 and 1.0 ppm H2S 
in 49% H2, 49% N2 and 2% H2O. The cell exposed to 0.5 ppm H2S was recovered again in clean 
fuel after 15 h exposure, before cooling slowly at open circuit in dry H2/N2 (10%/90%) while 
the second cell was rapidly cooled in dry N2 after 18 h exposure to 1 ppm H2S without any 
recovery in clean fuel. This “quenching” was carried out in order to determine whether sulphur 
could be detected in solution near the surface in the Ni or the CGO. The quenched sample did not 
show any detectable signs of sulphur dissolution, but further investigation is required which 
will be the subject of future work, as discussed at the end of this chapter.  
Representative microstructures are given in Figures 5.5 and 5.6. Both samples show more 
prevalent signs of terracing on the Ni grains than in the control samples. The terracing was less 
extensive for the sample exposed to 0.5 ppm H2S than for the 1 ppm sample. Although these two 
samples were subjected to different post-exposure conditions, it is unlikely that the recovery in 
clean fuel could have caused a reduction in the amount of terracing, since such structural 
changes are generally irreversible [99]. Therefore it is reasonable to suggest that the Ni 
terracing observed is enhanced by H2S exposure. 
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Another sample was exposed to 0.5 ppm H2S under a current load of 0.05 A cm-2 in order to 
establish whether there is a detectable influence of current load on the microstructural 
evolution (Figure 5.7). Similar faceting and small particles were found to the 0.20 A cm-2 
sample, but it is difficult to quantify, and so it is not clear from these conditions whether there is 
an effect of current on the microstructural changes caused by sulphur poisoning. 
To the author’s knowledge, the results presented by Lohsoontorn [65] were the first to show 
terracing or faceting of Ni grains in Ni cermets from SOFC operation. However, terracing itself is 
a well-documented phenomenon in Ni and other metals, and is known to be induced by 
chemisorption [99]. The phenomenon of faceting appears to have been first described by 
Bénard and Moreau in 1954 [100,101] for Ni-Cr alloys. It is understood to be an adsorbate-
induced reorientation of surface atoms to form a lower-energy crystal plane at the surface, and 
therefore it can be considered to be a thermodynamically driven process. 
 
Figure 5.5 – 0.5 ppm H2S poisoned at 0.20 A cm-2 (and recovered). 
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Figure 5.6 – 1 ppm H2S Poisoned at 0.20 A cm-2 (and quenched). 
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Figure 5.7 – 0.5 ppm H2S poisoned at 0.05 A cm-2 (cell ref #024). 
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5.3.3. Comparison of microstructure with electrochemical performance 
The electrochemical performance of the cells was monitored during the exposure procedure, 
and has been plotted in Chapter 4. Examination of the microstructure of these cells may go some 
way to explaining the discrepancies observed in electrochemical performance between different 
cells. Figure 5.8 shows impedance spectra for cells #23 and #24 polarised to 0.05 A cm-2, with 
black squares showing the impedance response at the start of the experiment, and red circles 
the impedance at the end. The microstructures of these cells are shown in Figures 5.3 and 5.7. 
Most of the difference in Rs between the cells at the start of the test can be attributed to 
variation in electrolyte thickness, but the Ni phase of cell #24 consists of larger grains with 
more percolation than in cell #23, and it may be possible that this is also a factor.  
After exposure to H2S, cell #24 has some additional series resistance that did not recover before 
the end of the treatment. This may be linked to the faceting that was observed. If the faceting in 
some way leads to detachment of Ni from the CGO phase, this would explain the permanent 
degradation observed in Rs. The next part of this study will attempt to investigate the Ni 
restructuring kinetics using thin foil samples. The low frequency arc is also considerably larger 
at the end than at the start for cell #24, which suggests that, although the cell was switched to 
clean fuel for ~2 h before the end of the experiment, there was still some residual adsorbed S on 
the Ni surface. 
 
Figure 5.8 – Impedance spectra at start and end of treatment for (top) clean fuel at 0.05 A cm-2, 
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and (bottom) before and after 0.5 ppm H2S exposure at 0.05 A cm-2. 
 
5.4.  TEM analysis of Ni-YSZ anode material 
5.4.1. As-prepared Samples 
Thin foil samples of a Ni-YSZ anode were prepared and exposed to various H2-based 
atmospheres, both dry and moist, and with and without 1 ppm H2S. The reason for studying thin 
foil samples was to have a high surface area-to-volume ratio of Ni in order to accelerate 
structural degradation caused by adsorption by maximising the free surface area, without the 
need for long term testing over thousands of hours, whilst noting that long term testing is 
ultimately needed to confirm that the degradation processes seen with the thin foil samples at 
short times are consistent with those seen in porous anodes at longer times 
Representative images of the as-prepared Ni-YSZ samples before exposure are shown in the 
TEM bright-field (BF) images in Figure 5.9. The microstructure was typical of an anode cermet, 
with good contact between the YSZ and Ni grains, and high porosity after reduction of NiO to Ni, 
as well as from Ar sputtering. The Ni grains were approximately cuboidal in shape, with 
dimensions c. 300–500 nm in length and width, and c. 100–150 nm thick. The YSZ grains were 
slightly smaller. The surface to volume ratio (including free surface, Ni grain boundaries and 
Ni/YSZ phase boundaries) can be estimated, assuming a square prism shape with edge length 
500 nm and thickness 150 nm, to be c. 0.021 nm2 nm−3 of which at least 60% is free surface, i.e., 
directly exposed to the atmosphere (assuming only the top and bottom surfaces are exposed to 
the atmosphere). By way of comparison, a bulk anode, with grains of the same diameter (c. 500 
nm), and assuming a shape close to a tetrakaidecahedron, would have a surface to volume ratio 
of 2.37/d (d is the grain size) [102] or c. 0.0047 nm2 nm−3. The thin foil anode then has about 4.5 
times more Ni surface per unit volume than the bulk anode, a greater proportion of which is free 
surface exposed to the atmosphere. 
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Figure 5.9 – TEM BF images of as-reduced Ni-YSZ thin foil samples. 
 
5.4.2. Results of exposure to fuel gases 
Restructuring of Ni grains was observed in the anode samples for all annealing environments 
used; however, the extent was found to be dependent on the gas composition and species 
present in the gas mixture. Figure 5.10 shows the microstructures of samples exposed at 973 K 
for 15 min to dry H2/N2 mixtures ranging from 2% H2/98% N2 up to 100% H2, alongside the 
untreated microstructure for comparison. Significant changes have occurred to the Ni, even 
with just 2% H2. The Ni grains appear darker than in the untreated sample, indicating they have 
grown thicker; they are also detaching from the YSZ grains. Although it is not possible to 
quantify absolutely, the images in Figure 5.10 appear to show a trend of increasing extent of 
agglomeration as pH2 increases.  
Observations of H2-induced restructuring of Ni films has been reported previously in the 
literature, e.g. in a recent paper by Kim et al. [103]. Ni thin films (5–30 nm thick) were deposited 
on SiO2 wafers and annealed in varying concentrations of H2 in Ar for 1 h at 700–950 °C (973–
1223 K). The Ni self-assembled into distinct hexagonal shapes at temperatures above 1073 K, 
while more rounded globular structures with less distinct faceting were formed below 1073 K. 
The self-assembly process was affected by pH2, with more pronounced faceting occurring as pH2 
increased from 0% (i.e. pure Ar) to 100% H2. The top surface of the hexagonal crystals that 
formed was parallel to the {1 1 1} crystal planes, which is the lowest surface-energy plane in an 
fcc crystal, while the sides were oriented parallel to {1 0 0} planes. The authors describe the 
phenomenon as a thermodynamically-driven process whereby the Ni crystals reorient to 
minimise their surface energy. They suggest that the effect of H2 arises from dissolution of H2 in 
the Ni, which increases the volume free energy and therefore drives the reorientation process 
further [103]. A similar process is likely to be occurring in the experiments presented here, 
since the thin “film” of Ni in the TEM samples is a thermodynamically unstable, high surface-
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energy shape, and the annealing temperature is c. 0.56 of the absolute melting temperature of 
Ni. 
Samples were exposed to 1 ppm H2S for 5, 15, and 90 min at 973 K in 50% H2/50% N2 and the 
results are shown in Figure 5.11 alongside the sample exposed to pure H2 for 15 min. 
Significantly, the nickel grains have sintered to a greater extent after 15 min in the presence of 
H2S than they did in the sample exposed to pure H2 for the same amount of time. In the 90 min 
sample, several Ni grains have completely detached from the Ni-YSZ framework and dropped 
out. Therefore, the kinetics of Ni agglomeration observed in all H2 environments appears to be 
enhanced by the presence of H2S in the fuel. This could be explained by a similar hypothesis to 
that given above, i.e. either adsorbed S atoms dissolve in the Ni and increase the volume free 
energy of the grains, or the adsorbed S on the surface distort the Ni surface structure, increasing 
the surface energy of the grains and driving reorientation of the crystal structure to minimise 
this. 
Coarsening of Ni in anodes has been reported to be enhanced by the presence of steam in the 
fuel gas, although the degree of agglomeration does not appear to depend on varying the water 
content [17,77]. As such, water was added to the gas environment to evaluate its effect on 
agglomeration. TEM BF images of samples annealed for 15 min in H2 or H2 with 1 ppm H2S, with 
and without steam (2% H2O), are shown in Figure 5.12. The presence of steam appears to 
speed up the agglomeration process for both H2S-containing and H2S-free H2. A larger portion of 
the Ni in the samples has agglomerated to such an extent that many Ni grains have dropped out 
of the cermet structure. 
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Figure 5.10 – (a) as-reduced structure as in Figure 5.9; (b-d) Samples exposed at 700 °C for 15 
minutes to (b) 2% H2/98% N2, (c) 10% H2/90% N2, (d) 100 % H2. 
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Figure 5.11 – Ni-YSZ TEM BF images after exposure at 700°C in: (a) 100% H2 for 15 min (b-d) 1 
ppm H2S in 50% H2/50% N2 for (b) 5 min, (c) 15 min (d) 90 min. 
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Figure 5.12 – Effect of steam on Ni agglomeration. (a) & (b) – pure H2 without and with steam; 
(c)& (d) H2 with 1 ppm H2S, without and with steam. 
 
5.4.3. Comparison with bulk samples in SEM 
It is necessary at this stage to draw a comparison with the bulk fuel cell samples from section 
5.3. There are obvious differences in the test conditions, firstly the use of a different electrolyte 
phase in the cermet (YSZ vs. CGO), and secondly the absence of any electrochemical reaction in 
the TEM samples. In order to determine whether there was a significant difference for Ni-CGO 
samples, a thin foil sample was prepared and exposed to 1 ppm H2S in H2 at 700 °C for 15 
minutes. The same agglomeration effect described above was observed in this sample. 
By way of further comparison of the two different sets of materials, a Ni-YSZ thin-foil sample 
that had been exposed to 1 ppm H2S in dry H2 for 15 min was examined in the SEM to compare 
the microstructure with that of the bulk samples shown in section 5.3. An example SEM image 
from this sample is shown in Figure 5.13 alongside an image at the same magnification of a Ni-
CGO anode operated at 0.20 A cm-2 with 1 ppm H2S from the previous section. The Ni-CGO 
sample shows clear signs of terracing. The SEM image of the Ni-YSZ sample was taken several 
tens of microns away from the edge of the hole in the TEM sample, so that the structure shown 
represents a transition region between a thin film and a bulk material. Interestingly, the Ni 
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grains show terracing on a similar scale to the terraces in the Ni-CGO sample. This is clear 
evidence that terracing is a spontaneous process that does not require a current load, and 
implies that there may be a link between terracing and agglomeration. 
 
Figure 5.13 – (a) SEM image of thin-foil sample exposed to 1 ppm H2S at 700°C for 15 min, 
image taken away from central hole; (b) SEM image of bulk Ni-CGO anode sample exposed to 1 
ppm H2S at 700  °C for 18 h for comparison. 
 
5.4.4. Examination of thickness fringes 
In order to obtain further understanding of the restructuring mechanism, some samples were 
examined more closely for signs of agglomeration. Figure 5.14 shows a sample exposed to 10% 
H2/90% N2 for 15 min for which the nickel grains are in the early stages of restructuring. The 
image shows a region with several Ni grains together in the top section of the image, bordered 
on the bottom and the right hand side by YSZ grains. The Ni particles have begun to debond 
from the surrounding YSZ grains, initially occurring at the triple contact points, i.e. where some 
combination of three Ni/YSZ grains meet (examples are circled in Figure 5.14(b)). The Ni grain 
boundaries also show thermal grooving, as indicated by the arrow in Figure 5.14(b), which is a 
sign of structural changes that occur prior to agglomeration. By tilting the sample, one of the Ni 
grains in Figure 5.14(b) has become strongly diffracting (i.e. a two-beam condition), and 
exhibits a concentric pattern of fringes, known as thickness fringes. This is more clear in the 
dark field (DF) image in Figure 5.14(d), taken using the 1 1 1 reflection for Ni. The distribution 
of the fringes radiating out from the centre indicates that the grain has faceted. Several other 
examples of similar thickness fringes were also obtained from other samples. 
Thickness fringes are diffraction contrast effects that arise due to variations in thickness across 
a particular region. When the sample is tilted so that the region of interest is strongly 
diffracting, an interference pattern is observed from the unscattered plus the strongly 
diffracting beams, giving rise to periodic dark and light fringes where the thickness is a multiple 
of the electron extinction distance for a given reflection [104]. It is therefore possible to infer 
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from these patterns that the grain has a polyhedral, faceted shape. The facet angles can be 
estimated from the electron extinction distances (c. 33 nm and c. 38 nm for the 1 1 1 and 2 0 0 
reflections, respectively [104]) and the fringe spacing. From the samples examined in this way, 
values ranging from 50° to 70° were obtained. The angle between two {1 1 1} planes in fcc 
metals is ~70°, while the angle between {1 1 1} and {1 0 0} planes is ~55°, both of which fall 
within this range. The driving force for the formation of these shapes is likely a reduction in 
surface energy. All things being equal, a spherical shape would be expected; however, a 
polyhedral shape is favoured because of a preference for low energy surfaces such as the {1 1 1} 
type planes for fcc metals. 
 
Figure 5.14 – TEM image of a region of Ni grains displaying thickness fringes (see text for 
discussion). 
 
5.4.5. Debonding of Ni from YSZ 
In all of the Ni-YSZ samples examined, the Ni phase was observed to detach from the 
surrounding YSZ, beginning at the triple contact points as mentioned above. In some cases this 
resulted in Ni grains completely falling out of the structure leaving a hole in the YSZ matrix. Ni is 
known to have poor wettability on YSZ [105]. One possible explanation for this is suggested by 
Kim et al. [103] in their study of Ni thin films on SiO2 substrates. They attribute this behaviour 
to the low thermal conductivity of SiO2 (1.3–1.4 W K-1 m-1) compared with Ni (91 W K-1 m-1), 
which causes excessive heating at the interface. The low thermal conductivities of YSZ and CGO 
(2 W K-1 m-1 and 2–3 W K-1 m-1, respectively), would lead to a similar thermal gradient effect.  
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5.5.  Discussion 
Vaβen et al. [106] modelled Ni agglomeration and found that the surface diffusion of metal 
atoms on the particle surface is the dominant diffusion mechanism to explain the extent (or 
rate) of agglomeration. From this assumption, the observed increase in Ni restructuring caused 
by H2S can be explained as being a result of adsorbed sulphur atoms causing increased 
diffusivity of surface Ni atoms. Such adsorption-induced surface reconstruction of nickel is 
mentioned in surface chemistry textbooks, and so is a well known phenomenon. However, it has 
not been reported much in the context of SOFC degradation, and may be a useful indicator of 
agglomeration. 
The geometry of the TEM samples (high surface/volume ratio) increases the kinetics of 
restructuring, which may provide some insight into long-term operation effects of actual 
anodes. The relative effects of the anode atmosphere have been demonstrated: Ni 
agglomeration is enhanced by increased H2 concentrations in the fuel and by the presence of 
both H2S and H2O. The above analysis, while not quantitative, does provide qualitative insights 
into agglomeration. 
Restructuring also depends on the wetting characteristics of Ni on the ceramic phase. For Ni 
droplets on YSZ in a 4% H2–Ar atmosphere, just above the melting temperature for Ni (c. 1500 
°C), the contact angle is quite large (112–117°) [105,107] which is indicative of poor wettability. 
The Ni/YSZ interfacial energy is quite large at 0.96 – 1.1 J m-2 [105,107]. At lower temperatures 
(1250 °C) in the same environment, debonding of Ni from YSZ was reported and was attributed 
to the large difference in thermal expansion coefficients (TEC) [105,107]. Two separate surfaces 
(YSZ and Ni) appeared to be more favourable thermodynamically than a shared Ni/YSZ 
interface.  
5.6.  Conclusions 
This study has shown that as little as 0.5 ppm H2S can significantly accelerate surface 
restructuring in the Ni phase of SOFC anodes at 973 K. Restructuring also occurred in clean 
fuels, but this was a much slower process in the absence of H2S. H2O was also found to 
accelerate restructuring. This adsorbate-induced surface reconstruction is a well known 
phenomenon in surface science, and was previously observed by Lohsoontorn on symmetrical 
Ni-CGO/YSZ/Ni-CGO half-cells at open circuit [65], but this is the first time this terracing effect 
has been observed on cells operated under current load. Comparison with electrochemical data 
for the cells suggested there may be a link between the surface reconstruction and the 
irrecoverable degradation in cell performance induced by sulphur poisoning. TEM studies also 
showed that the terracing may be a precursor to the agglomeration process. 
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This study opens up a range of future work to further understand the microstructural and 
chemical effects of sulphur poisoning. Further microstructural investigations include a study of 
temperature effects on the restructuring kinetics, particularly lower temperatures which are 
applicable to IT-SOFC operating conditions, as well as a more in-depth study of the effect of 
current density on the extent of terracing, if any. 
Additionally, it would be useful to perform surface compositional analysis. Auger electron 
spectroscopy (AES) experiments are planned, which is a technique capable of detecting 
elemental composition of surfaces with resolution down to a few tens of nanometres. The aim of 
this study would be to determine whether sulphur dissolves in the surface of either Ni or CGO to 
form an insulating phase. A further complementary technique that may be useful is X-ray 
photoelectron spectroscopy (XPS), which could give information about the oxidation state of 
CGO, which is known to form a reduced state in anode operating conditions, and which may 
form a sulphide Ce2O2S under sulphur poisoning conditions.  
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Chapter 6 In situ Raman spectroscopy 
6.1.  Introduction 
The results presented in the preceding chapters have demonstrated the importance of the role 
of surface chemistry in SOFC electrodes, especially in the presence of sulphur species. 
Electrochemical measurements may provide real-time data on SOFC performance, but there is a 
limit to the amount of mechanistic or chemical information that can be deduced from these 
measurements. Microstructural analysis such as SEM, and surface compositional analysis 
techniques such as Auger electron spectroscopy (AES) are useful for visualising the 
microstructure and permanent chemical modifications on the active surfaces, but these 
techniques are limited to post-test analysis of ex situ samples, and it would be very difficult to 
perform such analysis on an SOFC anode in situ. However, it is important to be able to measure 
as much information as possible during fuel cell operation in situ in order to understand critical 
electrode processes and draw more detailed conclusions from the electrochemical 
measurements. 
Optical spectroscopic techniques have shown great potential for in situ analysis of fuel cell 
electrode reactions. Of the techniques available for in situ measurements of fuel cells, IR 
spectroscopy has been used for PEFCs, but is not appropriate for SOFC applications due to the 
high background of black body radiation associated with high temperature operation. Other 
techniques such as in situ X-ray nano-tomography [108] and neutron diffraction, have shown 
potential for in situ SOFC microstructure measurements, but these techniques are very much in 
their infancy for SOFC testing. 
Raman spectroscopy has recently been shown to give useful data on surface chemical 
composition in SOFC operating conditions, as discussed in Chapter 2 of this thesis. The results 
reported by Maher et al. [74] were performed using a commercially available high temperature 
CCR1000 atmospheric stage (Linkam, UK), illustrated in Figure 6.1; however, this was a single-
atmosphere apparatus, and so only open circuit conditions could be simulated. More recently, a 
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Raman-enabled full SOFC assembly has been used successfully to obtain in situ measurements of 
carbon formation on Ni-YSZ anodes [69,71,72]. The test rig used by those researchers involved 
a long-working distance objective with an SOFC mounted in a closed-end quartz tube situated in 
a furnace (Figure 6.2). Both of these studies have their advantages and disadvantages. The 
heated stage used by Maher et al. has the advantage of fitting on a microscope-mounted 
mapping stage enabling 2-D spatial mapping of the surface, while the rig described by Pomfret 
et al. enables the study of actual fuel cells and the effects of cell bias on surface properties. 
 
Figure 6.1 – Linkam CCR1000 atmospheric stage. 
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Figure 6.2 – In situ SOFC Raman test rig design of Pomfret et al.[72] 
 
This chapter describes the development of a new miniaturised heated stage for in situ optical 
measurements on SOFC electrode surfaces. This design combines the advantages of the 
previously reported designs, namely (a) integrated fitting for mounting on a mapping stage 
enabling 2-D spatial characterisation of the surface, (b) a compact profile that is externally 
cooled, enabling operation on an existing microscope without the need for specialized lenses, 
and (c) combined electrochemical measurements with optical spectroscopy measurements with 
the potential for highly detailed study of electrochemical processes. 
The design and thermal modelling work was carried out with the support of Carolin Heck, a 
visiting M.Eng. student from RWTH Aachen. The design constraints and considerations are 
presented, followed by design for the first prototype rig which was fabricated by Stephen 
Cussell in the engineering workshop of the Department of Physics. There then follows a brief 
explanation of modifications implemented during the initial assembly and testing of the rig, 
before results from testing in situ as a fully working experiment. Finally, suggestions for 
improvements to the design and a second iteration design are given, together with plans for 
experimental work that the current test rig will be capable of carrying out in the near future. 
6.2.  Design process 
6.2.1. Design constraints – remit for in situ micro-SOFC rig 
The design remit for the test rig spans a range of requirements. These break down into 
geometrical requirements, temperature requirements, material requirements and measurement 
and gas supply facilities. Geometrical constraints are based on the dimensions of the 
spectroscope used as well as on the size of reproducible test cells. The other requirements arise 
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from the needs associated with fuel cell operation, for example operating temperature, electrical 
connections and gas supply. These points will now be addressed in detail. 
6.2.1.1. Geometrical requirements 
The dimensions of the existing spectroscopic apparatus in which the rig is to be used dictate the 
outer dimensions of the test rig. The available space on the Raman microscope allows the rig to 
extend to an outer diameter of 100 mm and a total height of 70 mm. The fuel cells intended for 
testing are up to 22 mm in diameter, and so the inner core of the rig was designed to fit this size. 
This therefore sets the radial dimensions of the test rig to an inner diameter of 22 mm and the 
outer diameter smaller than 100 mm, while the maximum total height must be no more than 70 
mm. Within this space must be fitted the heating element, insulation and any water-cooling 
apparatus required, as well as ports for gas and electrical access. 
6.2.1.2. Required measurement facilities 
The purpose of the test rig is to allow in situ Raman spectroscopy on a working fuel cell. This 
therefore necessitates two separate gas chambers, each with its own gas inlet and outlet. They 
must be properly sealed and thermally balanced, although the cathode side may be open to 
ambient air. For optical access a quartz window must form at least part of the top wall of the 
upper chamber. Furthermore, inlets for the electrical connections to the fuel cell and 
thermocouples for temperature measurement need to be integrated in both chambers. 
6.2.1.3. Temperature requirements 
SOFCs have an operating temperature of 500 – 1000 °C, whereas the objective of the Raman 
spectroscope must not be exposed to temperatures much over 80 °C. The microscope objective 
intended for use has a working distance of 9 mm, which is therefore the maximum distance 
between the analyzed electrode of the fuel cell and the outside of the quartz glass. Furthermore, 
there has to be space between the window and the objective in order to allow a flow of gas over 
the quartz glass and avoid conduction of heat directly to the objective. This then dictates the 
possible distance between the fuel cell and the glass window forming the top surface of the test 
rig. Additionally, there has to be a proportionally high amount of insulation around the actual 
fuel cell in order to keep it at a constant temperature and to decrease the amount of heat 
dissipated to the outside. The outer surface of the test rig will require water cooling. A further 
consideration is that the heating element will need to be capable of controlling the temperature 
to at least 600 °C and within ±5 °C. 
6.2.1.4. Material requirements 
Due to the high temperatures and thermal gradients involved, the number of materials that can 
withstand these conditions is limited, since relaxation processes weaken materials at these 
temperatures. At the same time, the materials used have to be as inert as possible in both 
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reducing and oxidising atmosphere at high temperatures in order to avoid poisoning the fuel 
cell components. The materials chosen should have closely matching thermal expansion 
coefficients to avoid further stress on the ceramic parts (especially the fuel cell itself) during 
operation. Additionally, in order to allow safe handling of the test rig the design must be capable 
of being taken apart and reassembled without difficulty. This includes replacement of parts 
(especially the quartz glass, which is quite fragile) and the exchange of the fuel cell and the 
components connected to it. Therefore, a non-permanent sealing method is desirable. 
6.2.2. Decisions made during design process 
Several possibilities were considered for the design, based on the requirements and limitations 
explained above. The key decisions made during the design process are summarized in Table 
6.1 and explained as follows. First, the material used had to be chosen. As the temperature in 
the test rig is extremely high, materials selection is limited to high-temperature ceramics and 
metals. It was decided to use metal since for the first prototype it was easier to machine, and 
also the chosen sealing option requires compression and the bending forces involved may be 
capable of breaking the ceramic parts. 
Table 6.1 – Key decisions made during the design process. 
Key: Blue = Chosen Grey = Not chosen 
Basic Geometry Cylindrical Box-shaped 
Material Ceramic Metal 
Heating 
equipment 
Heating base-plate Helical wire 
Cooling Conduction Convection 
 
In order to achieve a uniform temperature distribution around the cell, a cylindrical design of 
the test rig was chosen as most efficient for the circular pellet cells used, similar to the Linkam 
Catalyst Cell Reactor CCR1000 system. For the same reason a heating wire coiled around an 
inner core containing the fuel cell assembly was used to deliver the heat required. An 
alternative method using a heating plate was also considered; however, this would have led to a 
non-uniform temperature distribution. An additional advantage of using a wire heating element 
is that it can be positioned in a flexible way allowing for more choice of inlet access points for 
the various ports required. 
Cooling can be realized by two mechanisms: conduction (e.g. water cooling) and convection (e.g. 
blowing of cool air over the surface). While conduction is more effective, due to the small 
dimensions of the test rig and the corresponding limitation to the size of copper tubes 
installable both cooling methods were combined so that water cooling is used as well as forced 
convection (air flow on the surface). 
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6.2.3. Outline of prototype design 
  Figure 6.3 shows a section-view of the prototype design. The various aspects will now be 
discussed in detail. 
 
 
 
6.2.3.1. Basic framework 
The basic structural framework of the design is formed of an inner core containing the fuel cell 
in a sandwich-like configuration between two “caps”, and which is in direct contact with the 
heating element. This is surrounded by a larger cylindrical cap and supporting plate which are 
bolted together and which provide the pressure required for the sealing gaskets, as well as 
forming a casing to contain the insulation. The outer cap is in contact with the cooling jacket. 
Holes are drilled in the sides and in the base to provide access to both chambers of the fuel cell 
for gas tubes, electrical connections and thermocouples, and a 6 mm hole is also drilled in the 
top for optical access. The quartz window sits between the inner and outer caps and is therefore 
required to be under pressure. 
6.2.3.2. Heating and cooling 
The heating element consists of a 0.31 mm Nichrome RW80 resistance wire (resistance-
wires.co.uk) wound around the upper cap of the core, using an alumina-based ceramic paste 
(Ceramabond 503, Aremco USA) to provide electrical insulation and thermal conduction as well 
as to fix the wire in place. The length of wire used has a resistance of 9 Ω. This was used in 
conjunction with a PID controller, solid state relay and a 48 V power supply, giving a maximum 
possible power output of 256 W. The actual average power used was controlled by the PID 
controller and depends on the efficiency of the insulation and minimization of thermal bridges 
within the rig. 
Outer cap 
Base plate Gas supply tubes Ceramic 
support plate 
SOFC 
pellet 
Gaskets 
Quartz window 
Inner top 
cap 
Inner 
bottom cap 
70 mm 
35 mm 
Figure 6.3 – Cross section of prototype design for in situ SOFC test rig. 
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In order to keep the outer surfaces of the rig at an acceptable temperature, water cooling is 
necessary. Initially, a coiled copper tube was fitted around the inner surface of the outside wall 
of the large outer cap, with quick-connect fittings connected to a recirculating water pump. 
However, this was found not to provide sufficient cooling and ran the risk of water evaporating 
inside the tube due to insufficient flow rate of water. Therefore, a toroidal “jacket” was made, 
which fits on top of the rig, as pictured in Figure 6.4, and is combined with a coiled copper tube 
around the sides to provide cooling all round the rig.  
 
Figure 6.4 – Photograph of water jacket for conductive cooling of test rig. 
 
6.2.3.3. Gas and electrical ports 
The core of the rig includes five 2 mm holes, which allow access for gas inlet and outlet, PID 
input thermocouple, data-logging thermocouple and gold wire for electrical connection to the 
anode. 1/16” stainless steel tubing is used, sealed onto the interior of the core, to support the 
thermocouples and to attach the gas supply/exhaust with standard Swagelok® fittings. The 
gold wire is supported by an alumina tube to prevent short-circuiting of the fuel cell.  
The lower chamber containing the cathode is left open to surrounding air, with a single gold 
wire attached to a gold mesh for current collection. However, the rig was fabricated with five 
holes on the lower side as well as on the upper side, which enables its subsequent modification 
to study SOFC cathodes by switching round the orientation of the fuel cell and delivering 
hydrogen to the lower chamber. 
6.2.3.4. Sealing and fixing 
For ease of disassembly/reassembly, it was decided to use Thermiculite compressible gaskets 
for the main sealing medium (Flexitallic Ltd., UK). These were cut from a sheet of the material 
using a scalpel and a template pellet. Additionally, the gas and thermocouple ducting was sealed 
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at the outer end with silicone rubber sealant, and fixed at the inner end with Ceramabond 
alumina paste. The gold wire was also sealed in place with alumina paste.  
The manufacturer’s guidelines for the Thermiculite gaskets recommend a static pressure on the 
gasket of 20 N mm-2. In order to maintain this pressure at the high temperatures involved, 
special high temperature creep resistant steel (ASTM A453 Grade 660 duplex stainless steel, 
Mellish Engineering Services Ltd, UK) was used to make custom screws for the core unit, while 
titanium screws were used for the large cap fixings (Pro Bolt Ltd, UK). 
6.2.3.5. Thermal modelling 
Before production of the prototype, the thermal properties of the cooling system were modelled 
using COSMOS FloWorks 2008 (SolidWorks Ltd., UK) by Carolin Heck, a visiting student from 
RWTH Aachen. The results are shown in Figure 6.5 and show that the temperature at the 
surface nearest to the microscope lens may still be too hot. However, this model did not include 
forced air-flow cooling which was intended, and so the prototype rig was built in order to carry 
out proof of concept experiments whilst an improved design was developed in parallel. 
 
Figure 6.5 – Simulated thermal distribution of test rig design at core temperature of 700 °C 
 
6.3.  Assembly and initial testing of final design 
Figure 6.6 shows photographs of the parts made for the prototype out of steel. Assembling the 
parts was carried out in sequence, as illustrated. Each functional component of the assembly 
was initially tested separately, i.e. the heating/cooling performance was tested without any gas 
flow or electrochemical connections; the gas flow was tested for leaks; and the electrochemical 
performance was tested at operating temperature in the fuel cell lab before fully testing the 
system with Raman spectroscopy in situ. 
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Figure 6.6 – Photographs of the final rig illustrating steps of assembly 
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6.3.1. Validation of thermal performance 
Thermocouples were used to monitor the temperature in the core of the assembly, and also 
near the outside of the quartz window, in order to monitor the accuracy of the temperature 
controller and the efficacy of the insulation/cooling system. The temperature performance of 
the assembly with PID control is shown in Figure 6.7. It can be seen that the outer temperature 
above the window does rise above 50 °C, but remains below 100 °C, which is within the 
acceptable range, as this was without any forced convection over the surface. 
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Figure 6.7 – Preliminary temperature performance of the rig with basic water cooling. 
 
6.3.2. Gas leak testing 
Because of the location of the sealing gaskets inside the assembly, it was not possible to use 
conventional bubble-solution leak test fluid for leak testing the rig. The rig was tested for gas-
tightness by measurement of the flow rate from the exhaust port and comparison with the input 
flow rate. It was found that a good seal was achieved with only moderate tightness of the 
compressive screw fixings; this made it easier to avoid over-tightening which was found to 
cause the quartz window to shatter. 
6.3.3. Electrochemical performance 
After verifying the thermal performance and gas-tightness of the rig, an SOFC was tested in the 
fuel cell lab to validate the electrochemical performance of the setup. Due to a fault with the PID 
controller, the temperature of this measurement was restricted to 527 °C. The literature values 
for the conductivity of YSZ give a predicted ohmic resistance at this temperature of around 140 
Ω cm2, and the experimental value of around 150 Ω cm2 is in good agreement with this. Figure 
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6.8 shows the polarisation curve and an impedance spectrum at open circuit for the cell. The 
cell is capable of delivering 5 mA cm-2, which is mainly limited by the high resistance of the 
electrolyte due to the limited temperature and also the thickness of the electrolyte which is 
required for structural integrity. 
 
 
Figure 6.8 – Electrochemical performance ex situ (A) – cyclic voltammogram, (B) impedance 
spectra at OCP and 5 mA cm-2 bias. 
6.3.4. Electrochemical testing in situ (Results) 
The full assembly was finally tested as a complete set-up with Raman spectroscopy on a fresh 
fuel cell pellet, and the results from this proof-of-concept experiment are shown in Figures 6.9 
– 6.17. The temperature of operation was chosen to be 600 °C which was selected because 
higher temperatures may have caused the water cooling system to heat up too quickly.  
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The complete setup is pictured in Figure 6.9 which shows use of the available space. A white 
light image and extended Raman spectrum of the NiO-CGO anode surface at room temperature 
before reduction is shown in Figure 6.10 and Figure 6.11 at x20 magnification. Unfortunately 
the position of the anode surface was a fraction of a millimetre too low for the higher 
magnification objective that was intended for this experiment, and this will require adjustment 
for future experiments, possibly by use of thinner Thermiculite gaskets. 
The temperature (core and outer) are shown in Figure 6.12, although the outer temperature 
was monitored continuously only during heat-up and initial testing. In order to avoid 
obstruction of the laser during the reduction experiment, the thermocouple was removed and 
used only to check the temperature intermittently. 
The cell was heated in N2 flowing at 100 cm3 min-1. The temperature was ramped at 5 °C/min, 
held at 100 °C intervals up to 400 °C, then 50 °C intervals up to 600 °C, and Raman spectra were 
collected from the anode at each dwell point. These are shown in Figure 6.13. There does 
appear to be some broad variation in the features, but the NiO Magnon peak at 1500 cm-1 
disappears as expected between 200 – 300 °C. 
At 600 °C the cell was exposed to 25% H2, 75% N2 (both gases bubbled through a water bubbler 
at room temperature) flowing at 100 mL min-1 in order to reduce the anode. Static Raman 
spectra centred on the NiO peak were continuously collected during the reduction to monitor 
the oxidation state of the NiO at the surface. These are shown in Figure 6.14(A). At the same 
time, the OCP of the cell was also monitored and is plotted in Figure 6.14(B) overlaid with the 
integrated NiO Raman peak intensity. The OCP is plotted as-measured, i.e. a negative value, due 
to the WE being in a reducing atmosphere. There is some correlation as would be expected 
between the two measurements; however, there are some significant differences that will 
require repeat experiments to understand.  
After about 200 s “break-in” period, which can be mainly attributed to the time taken for the H2 
to reach the anode, the OCP reduction appears to occur in two stages. Between 200 – 400 s the 
OCP reduces to about 40% of the eventual value, followed by a sharp drop to >90% of the OCP 
between 400 – 450 s.  The OCP then gradually approaches the final value of –1.07 V over a much 
longer period of around 1000 s. The trend for the Raman peak intensity initially increases 
during the same time period as the initial slower reduction measured electrochemically. The 
peak then disappears quickly, but this sharp drop in the Raman measurement occurs a short 
time after the sharp drop in electrochemical potential. 
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Figure 6.9 – Full assembly results: Photo of rig 
 
 
Figure 6.10 – Full assembly results: White light image at 20x 
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Figure 6.11 – Full assembly results: Extended Raman spectrum at RT before experiment 
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Figure 6.12 – Full assembly results: Temperature during experiment 
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Figure 6.13 – Full assembly results: Extended spectra during heat-up in N2 
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Figure 6.14 – Full assembly results: NiO peak during reduction (a) spectra, (b) peak intensity 
together with OCP measured by potentiostat. 
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Figure 6.15 – Full assembly results: Extended spectra at 600 °C before and after reduction. 
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
-1.1
C
e
ll 
V
o
lt
a
g
e
 (
V
)
Cell Current (A)
Cell i-V curve at 600 
o
C,
25% H
2
, 2.5% H
2
O
 
Figure 6.16 – Full assembly results: Cell j-V curve at 600 °C 
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Figure 6.17 – Full assembly results: Extended spectra at OCP and 5 mA bias. 
 
The extended Raman spectra before and after reduction are shown in Figure 6.15, with the 
most obvious difference being the disappearance of the broad NiO peak as expected. Figure 
6.16 shows the cell j-V behaviour is dominated by the high ohmic resistance of the ~1 mm thick 
YSZ electrolyte at this temperature; however, it should be possible to drive the cell to higher 
currents in future experiments. Figure 6.17 shows Raman spectra obtained at OCP and under 5 
mA cell bias. The cell was not polarised to higher current than this due to the risk of localised 
overheating in the electrolyte, and consequently there is no difference observed in the Raman 
spectra. Further work is ongoing to enable safe operation at higher current densities. 
6.4.  Revisions to the design 
There were several problems encountered during the assembly and testing of the prototype. By 
taking note of these, an improved design can be developed for future experiments. The main 
problems and suggestions for improvements are as follows. 
6.4.1. Temperature distribution and cooling 
The distance from the heating wire to the centre of the fuel cell pellet is currently only 50% of 
the distance from the heating wire to the outer wall of the rig. Therefore it is likely that there 
are large temperature gradients across the pellet; indeed this has been shown by thermal 
modelling work. The consequences of this are (a) non-uniform temperature distribution in the 
cell leads to less reliable data; (b) a lot of heating power is needed to heat the centre of the pellet 
to the desired temperature, and as a result of this, more cooling power and insulation is needed 
externally. 
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In order to achieve more uniform temperature distribution and allow space for more insulation, 
a future rig would benefit from using a smaller pellet size. Current facilities in the fuel cell lab 
allow for pellets of c. 13 mm diameter to be made; these could be screen-printed with 1 cm2 
electrodes, and if a reference electrode is required, a point reference in the centre of the counter 
electrode could be used. 
Additionally, improvements to the water jacket design could be made, possibly incorporating it 
into the body of the outer casing. This would greatly simplify the assembly of the rig, which is a 
major drawback in the current prototype. 
6.4.2. Heater wiring  
A consideration for revision to the design is the method for connection of the heating wire to the 
power supply, which currently is achieved by screw terminals on the ends of the wire. An 
improved design would incorporate a plug connection to the power supply. 
6.4.3. Ease of insertion of fuel cell  
From the point of view of day-to-day ease of use of the rig, there is scope for improvement to the 
stability of the various components during assembly. For instance, the current collectors are 
currently attached to the SOFC electrodes by an improvised coil-spring system, which was 
adopted after failed attempts to attach them with gold paste. However, when assembling the 
two pieces of the core module, the pellet and cathode mesh are not secured and can easily fall 
out of place before the pieces are secured by screws. The next design could therefore benefit 
from a more integrated spring-loaded current collector fixing, and a more stable position of the 
cell before the two core pieces are fixed together. 
6.5.  Conclusions and future work 
A novel test rig for in situ Raman microspectroscopy has been designed and built, and proof-of-
concept experiments have been successfully carried out comparing the electrochemical 
potential with the intensity of the NiO Raman peak during the anode reduction. Raman spectra 
were also measured under current load on the cell. Previous in situ test rigs have been either 
restricted to single-atmosphere non-electrochemical measurements, or required an expensive 
long-working distance or thermally shielded lens objective which was not available at Imperial 
College. 
The test rig prototype as-is will be useful for further experiments whilst an improved design is 
developed for a second prototype rig. Experiments planned with the current rig include a study 
of the effect of current density on carbon formation in CO-containing fuels such as syn-gas, and 
eventually a study of H2S-poisoning. H2S will not be used in the rig until a second working rig 
has been built because residual sulphur may contaminate future experiments. However, the 
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ultimate aim of the construction of this rig is to develop the sulphur-poisoning study that forms 
the bulk of the rest of this thesis. 
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Chapter 7 Conclusions and future work 
7.1.  Conclusions 
Degradation of Ni-based SOFC anodes caused by H2S has been investigated using 
electrochemical techniques and microstructural analysis, and a novel test rig capable of optical 
spectroscopic investigation of operating fuel cells has been developed. 
Anode degradation is one of the most important remaining challenges facing state-of-the-art Ni-
based anode materials, particularly chemical poisoning by carbon and sulphur. An enhanced 
scientific understanding of chemical interactions on the surface of SOFC electrodes is therefore 
critical to the development of robust nickel-based anodes. 
Button cells in a three-electrode configuration were tested electrochemically using an 
impedance-correction method to compensate for measurement errors that arise due to the 
reference electrode placement. The effect of between 0.5 – 3 ppm H2S on the performance of the 
anode was investigated at temperatures between 700 – 750 °C. 
Exposure to 0.5 ppm H2S in 48% H2, 50% N2 and 2% H2O was found to cause a rapid 
degradation in performance over about 15 min, which then levelled off. This was measured both 
as an increase in polarisation resistance by impedance spectroscopy and also as a decrease in 
cell voltage under constant current density operation. This degradation was fully recovered 
over several hours after switching to clean fuel, i.e. pure 48% H2, 50% N2 and 2% H2O, after up 
to 15 h in the sulphur-containing fuel. Equivalent circuit modelling of the impedance spectra 
showed that the feature most affected by the presence of H2S was the arc centred around 1 Hz, 
which is consistent with a surface-diffusion process. 
A cell was exposed in the same way at different current densities, and it was found that the 
extent of the recoverable degradation in performance was slightly lower at higher current 
densities. This suggests that desorption of adsorbed sulphur may be enhanced by the higher O2- 
flux, or by the more oxidising conditions associated with increased current density. 
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Exposure to higher levels of sulphur, i.e. up to 3 ppm H2S, and operation at higher temperature, 
up to 1023 K, at constant current density of 0.1 A cm-2 showed a secondary degradation effect 
associated with the ohmic part of the impedance spectra. This degradation was also 
recoverable, and was found to be highly sensitive to current collector placement, suggesting that 
it is associated with the contact resistance at the interface of the anode with the current 
collectors. Possible explanations of this behaviour were considered, involving an interaction 
between Ni and CGO, since previous studies on Ni-YSZ anodes did not observe this behaviour, 
while similar behaviour has been reported for Ni-CGO anodes. It is thought that the O2- flux in 
CGO may cause localised oxidation of Ni. Alternatively, the mixed conductivity of reduced-state 
ceria may be contributing to the lateral conductivity at the interface of the anode and current 
collector, and H2S causes the CGO to reoxidise, which increases this contact resistance. This 
would be an interesting area to investigate further. 
Previous reports on sulphur poisoning of Ni based anodes have found that a slow, permanent 
degradation occurred over long term operation for many hundreds of hours, in addition to the 
rapid, recoverable decrease in performance. Microstructural analysis was used in this study to 
investigate permanent changes to the anode microstructure, in particular the Ni phase, as a 
result of exposure to H2S. 
SEM analysis of Ni-CGO anodes that had been operated under current load with 15 – 18 h 
exposure to H2S were found to show some evidence of terracing on the Ni grains compared to 
cells that were operated in clean fuel. Thin foil samples of anode material were prepared to 
accelerate the restructuring of Ni by maximising the surface area, and examined by TEM. It was 
found that the presence of as little as 0.5 ppm H2S in dry H2 caused an enhancement in the 
extent of Ni restructuring. Presence of H2O in the fuel was also found to accelerate the 
restructuring. It is thought that this adsorbate-induced restructuring of Ni may lead to 
agglomeration and subsequent loss of conductivity over extended operation. 
To further study chemical processes occurring during SOFC operation, a new test rig has been 
designed and constructed that incorporates an optical window for performing in situ Raman 
spectroscopy on operating fuel cells. Proof of concept experiments have been carried out 
demonstrating the capabilities of the rig. 
Previous in situ test rigs have been either restricted to single atmosphere non-electrochemical 
measurements, or required an expensive long working distance or thermally shielded lens 
objective which does not allow for spatial mapping of the sample. The new apparatus has great 
potential for a wide range of experiments, including investigation of CO oxidation kinetics and 
sulphur poisoning mechanisms, as well as NiO redox kinetics. 
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7.2.  Future work 
The research that has been presented in this thesis opens up a range of further experiments that 
are either ongoing or are desirable for the future. 
The ohmic degradation observed and discussed in Chapter 4 merits further investigation. Post-
test, quenched samples that were not recovered with clean fuel have been planned for 
examination with Auger electron spectroscopy (AES) and SIMS to determine the surface 
composition. In the future, the in situ Raman test rig will be used to monitor the surface 
oxidation state of CGO and Ni during sulphur poisoning. 
An additional continuation of the electrochemical work that has been presented is to investigate 
the effects of current density at lower surface-coverages of sulphur, as calculated by the 
isotherm of Hansen et al. discussed in Chapter 4. The conditions used in this thesis gave 
predicted surface coverages between 0.76–0.86; however, a systematic investigation of a wider 
range of coverages, and the extent of mitigation achieved by a given current density, may 
provide a deeper understanding of the mechanism of this process. 
Further microstructural analysis is planned, not only using AES on post-test samples as 
mentioned, but also to explore further the kinetics of the observed Ni restructuring by the 
established TEM thin foil technique. Of particular interest is the effect of H2S at lower 
temperatures down to 500 °C, which is of relevance to IT-SOFC operating conditions, and also 
the dependence if any of restructuring on current density. The extent of restructuring is difficult 
to quantify, so there is scope for development of a methodology to do this. A further 
development of the investigation of Ni restructuring arises from the desire to image the same 
area before and after degradation has occurred. One possible method for this was considered 
during this project, but was not carried out due to time constraints: focussed ion beam (FIB) 
milling can be used to cut a wedge-shaped trench in a reduced Ni-CGO anode, which exposes a 
cross-section of the anode. The cell is then run under specified operating conditions for some 
time, and the same portion of the anode can be easily located and imaged after degradation has 
occurred. 
The new in situ test rig enables a wide range of investigative possibilities, not limited to sulphur 
poisoning but also Ni/NiO redox cycling, carbon formation, cathode degradation and even the 
possibility to use other spectroscopic techniques. Experiments are planned for investigating 
anode behaviour in CO/CO2 mixtures and H2/H2O mixtures, and an improved design is planned. 
Some specific experiments that should be considered for the in situ Raman apparatus are as 
follows:  
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1. Monitoring of CGO and Ni oxidation state during  
a. Initial NiO reduction, 
b. Cell operation under bias with fuel starvation, 
c. High steam-content re-oxidation of Ni. 
2. A similar technique to the FIB milling described above could be used to examine a cut-
away portion of the anode in order to analyse processes occurring nearer to the 
electrochemically-active region of the anode. One of the main drawbacks of the current 
setup is that only the outer surface of the anode is visible to the Raman excitation 
source, but this area is not electrochemically active, mainly being involved in current-
collection. Experiments are planned to investigate nearer the TPB by using 
a. Bevelled cut-away portions of the cermet anode, or 
b. Electroplated Ni-patterned anodes. 
These experiments are all possible using the current prototype rig, which means experimental 
results can continue to be obtained while the improved design is developed. 
7.3.  Dissemination 
7.3.1. Peer-reviewed papers 
1. E. Brightman, D.G. Ivey, D.Brett and N. Brandon, “The effect of current density on H2S-
poisoning of nickel-based solid oxide fuel cell anodes”, Journal of Power Sources, 
accepted (2010). doi:10.1016/j.jpowsour.2010.09.089  
 
2. D.G. Ivey, E. Brightman and N. Brandon, “Structural modifications to nickel cermet 
anodes in fuel cell environments”, Journal of Power Sources 195, 10(2010). doi: 
10.1016/j.jpowsour.2010.04.059  
 
3. G.J. Offer, J. Mermelstein, E. Brightman and N. Brandon, “Thermodynamics and Kinetics 
of the Interaction of Carbon and Sulfur with Solid Oxide fuel Cell Anodes.” Journal of the 
American Ceramic Society 92, 763-780(2009). doi: 10.1111/j.1551-2916.2009.02980.x 
7.3.2. Conference contributions (oral) 
1. E. Brightman, R. Maher, D. G. Ivey, G. Offer, N. P. Brandon. “In-Situ Measurement of SOFC 
Anode Surface Processes.” ECS 219th Meeting, Montreal, Canada, (2011). 
2. E. Brightman, D.G. Ivey, D.Brett and N. Brandon. “The effect of current density on H2S-
poisoning of nickel-based solid oxide fuel cell anodes.” 9th European SOFC Forum, 
Lucerne, Switzerland, (2010). 
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7.3.3. Poster presentations 
1. R.C. Maher, E. Brightman, C. Heck, G.P. Offer, N.P. Brandon, L.F. Cohen, P.M. Champion, 
and L.D. Ziegler, “Monitoring Solid Oxide Fuel Cell Processes Using In-Situ Raman 
Spectroscopy,” XXII International Conference on Raman Spectroscopy, American Institute 
of Physics, (2010), p. 550. 
2. E. Brightman, P. Shearing, R. Maher and N. Brandon, “Sulphur poisoning mechanisms of 
solid oxide fuel cells,” RSC Electrochem09, Manchester, (2009). 
3. E. Brightman, C. Kalyvas, R. Maher, P. Lohsoontorn, D. Brett, L. Cohen, and N. Brandon, 
“The Effect of Hydrogen Sulphide on SOFC Anodes Studied Using ex-situ Raman 
Spectroscopy”, 8th European SOFC Forum, Lucerne (2008). 
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